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! We study the effect of hadron structure changes in a nuclear medium using the quark-meson couphng 
Q^' (QMC) model. The QMC model is based on a mean field description of non-overlapping nucleon (or baryon) 
Q_^' bags bound by the self-consistent exchange of scalar and vector mesons in the isoscalar and isovector channels. 
D , The model is extended to investigate the properties of finite nuclei, in which, using the Born-Oppenheimer 
I approximation to describe the interacting quark-meson system, one can derive the effective equation of motion 
■ for the nucleon (or baryon), as well as the self-consistent equations for the meson mean fields. 
^ ■ In conventional nuclear physics, the Skyrme effective forces are very popular, but, there is no satisfactory 
interpretation of the parameters appearing in the Skyrme forces. Comparing a many-body Hamiltonian gener- 
ated by the QMC model in the zero-range limit with that of the Skyrme effective forces, it is possible to obtain 
a remarkable agreement between the Skyrme force and the QMC effective interaction. One can also investigate 
the relationship between the QMC model and Quantum Hadro dynamics, by carrying out a re-definition of the 
scalar field in matter. Furthermore, by using naive dimensional analysis, it is possible to see that the QMC 
model can provide remarkably natural coupling constants and hence the model itself is regarded as a natural 
effective field theory for nuclei. 

The model is first applied to nuclear matter, where the coupling constants are determined so as to produce 
the saturation condition at normal nuclear matter density. We find a new, simple scaling relation for the 
changes of hadron masses in a nuclear medium, which can be described in terms of the number of light quarks 
in a hadron and the value of the scalar mean-field in matter. Once the coupling constants are fixed, the model 
can be applied to various finite nuclei, including strange and exotic hypernuclei. In this article, we discuss in 
detail the properties of hypernuclei and meson-nucleus deeply bound states. 

It is also of great interest that the QMC model predicts a variation of the nucleon form factors in nuclear 
matter, which will affect certainly the analysis of electron scattering off nuclei, including polarization-transfer 
experiments. Recent experimental analysis of data taken at Jefferson Laboratory (JLab) and MAMI indeed 
seems to support such a variation of nucleon form factors in nuclei. The change of nucleon structure in 
a nuclear medium is also expected to modify nuclear structure functions (the nuclear EMC effect), which 
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are measured by scattering with high-energy charged- leptons and/or neutrinos. We study such possibiUties, 
including consideration of the empirically observed, Bloom-Gilman (quark-hadron) duality. 

We also study hadronic reactions in nuclear medium, namely, subthreshold kaon production in heavy ion 
collisions, D and D meson production in antiproton-nucleus collisions, and J/^ suppression. In particular, 
the modification of the D and D meson properties in nuclear medium derived by the QMC model, can lead a 
large J/^* absorption cross section, which is required to explain the observed J/\l' suppression in microscopic 
hadronic comover dissociation scenario, without assuming the formation of a QGP phase. 

The present investigation indicates that the traditional nuclear /hadronic physics approach may have its 
limitations. It further suggests the need for the study of alternate approaches which include subhadronic 
degrees of freedom, even at normal nuclear matter density. 

Keywords: Quarks in nuclei. Quark-meson coupling model, Relativistic nuclear model. Properties of finite 
nuclei, A new scaling formula for hadron masses in matter, Nucleon form factors, Hyper and exotic nuclei, 
Meson-nucleus bound states, Nuclear structure functions, Hadron reactions in matter 
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1 Introduction 

It is very well recognized that the dynamics of electrons in a molecular system can be completely separated 
from the dynamics of the nucleons in the nuclear core, because the ratio of the typical energy scales of a 
molecular system (~ 10 eV) to a nucleus (~ 10 MeV) is as much as 10~^. One is naturally led to ask whether 
the dynamics of nucleons in a nucleus can also be described independent of the underlying degrees of freedom, 
namely the quarks and gluons. However, in this case the ratio of these energy scales is at most of order 10~^. 

One of the most exciting topics in nuclear physics is thus to study how the hadron properties are modified 
by the nuclear environment and how such modifications affect the properties of nuclei. Since nucleons and 
mesons are made of quarks, anti-quarks and gluons, one expects their internal structure to change when placed 
inside nuclear matter or atomic nuclei [1]. There is little doubt that, at sufficiently high nuclear density 
and/or temperature, quarks and gluons are the correct degrees of freedom. By contrast, the general success 
of conventional nuclear physics (with effective interactions) indicates that nucleons and mesons provide a good 
starting point for describing a nucleus at low energy. Therefore, a consistent nuclear theory describing the 
transition from nucleon and meson degrees of freedom to quarks and gluons is truly required to describe 
nuclei and nuclear matter over a wide range of density and temperature. Of course, theoretically, lattice 
QCD simulations may eventually give reliable information on the density and temperature dependence of 
hadron properties in nuclear medium. However, current simulations have mainly been performed for finite 
temperature systems with zero baryon density [2] , which is very far from what is needed for the description of 
a finite nucleus. As a first step in this direction, it is therefore of great interest necessary to build a nuclear 
model which incorporates the internal quark and gluon degrees of freedom of hadrons themselves. 

We know that explicit quark degrees of freedom are certainly necessary to understand deep-inelastic scatter- 
ing (DIS) at momentum transfer of several GeV. In particular, the nuclear EMC effect [3] has suggested that it 
is vital to include some effects involving dynamics beyond the conventional nucleon-meson treatment of nuclear 
physics to explain the whole EMC effect [4, 5]. Furthermore, the search for evidence of some modification of 
nucleon properties in medium has recently been extended to the electromagnetic form factors of nucleon in 
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polarized {e,e'p} scattering experiments on ^^O and ^He nuclei at MAMI and JLab [6]. These experiments 
observed the double ratio of proton-recoil polarization-transfer coefficients in the scattering off nuclei with 
respect to the elastic ^He(e, e'p) reaction at momentum transfers of several 100 MeV to a few GeV. It strongly 
hints at the need to include medium modifications of the proton electromagnetic form factors. 

Some early attempts to construct a model which bridges the gap between conventional nuclear physics and 
the quark-gluon picture were made in the mid 80's. Using a covariant nontopological soliton model of the 
nucleon, Celenza et al. [7] discussed the effect of medium modification of the nucleon structure on its size to 
understand the nuclear EMC effect. They introduced a coupling between quarks and a scalar field generated 
by the nuclear environment, and predicted that the size of nucleon in a nucleus becomes larger than that of 
free nucleon. The increase in radius, of about 15% in an iron nucleus (Fe), was able to reproduce the observed 
nuclear structure functions. Stimulated by Celenza et al. [7], Wong investigated the effect of nuclear mean 
fields on quarks in a nucleon using the MIT bag model [8] . He pointed out that an attractive scalar potential 
makes quarks more relativistic by decreasing their masses in nuclear medium. Jandel and Peters also studied 
the change of the in-medium nucleon in size within the framework of the Friedberg-Lee nontopological-soliton 
bag model [9]. They reported that the swelling of the nucleon is about 30% at normal nuclear matter density. 

In 1988, Guichon [10] developed a novel model for nuclear matter, in which quarks in non-overlapping 
nucleon bags interact self- consistently with (structureless) isoscalar-scalar (a) and isoscalar-vector (cj) mesons 
in the mean-field approximation (MFA). The mesons couple not to point-like nuclcons but directly to confined 
quarks. He discussed a novel, possible mechanism for nuclear matter saturation in terms of quark degrees of 
freedom. (It should be noted here that Prederico et al. [11] studied a similar model for nuclear matter by 
using a harmonic oscillator potential for the quark confinement and discussed the dependence of the c-nucleon 
coupling constant on nuclear density.) After that work, the model was studied further by Fleck et al. [12] and 
refined and extended by Saito and Thomas [13] in the 90's - the model is called the quark-meson coupling 
(QMC) model. (We also note that in the early 90's Banerjee [14] and Naar and Birse [15] studied nucleon 
properties in nuclear matter using the color-dielectric model, and that Mishra et al. [16] investigated a nonlocal 
a-LO model in the relativistic Hartree approximation, including short distance vertex form factors.) 

The QMC model may be viewed as an extension of Quantum Hadrodynamics (QHD) [17]. In studies 
of infinite nuclear matter, as a result of the quark-cr scalar coupling, the internal structure of the nucleon 
is modified with respect to the free case. In particular, an attractive force associated with the a meson 
exchange decreases the quark mass in matter, which leads to an enhancement of the small component of the 
confined quark wave function. Because of this enhancement, the quark scalar density in a nucleon, which is 
itself the source of the a field, is reduced in matter compared with that in the free case. This can provide a 
new mechanism for the saturation of nuclear matter, where the quark structure of the nucleon plays a vital 
role [10]. The model can give a satisfactory description of the bulk properties of (symmetric) nuclear matter. 
Of particular interest is the fact that the decrease of the quark scalar density, depending on the density of 
nuclear matter, can provide a lower value of the incompressibility of nuclear matter than those obtained in 
approaches based on point-like nucleons such as QHD. This is a significant improvement on QHD at the same 
level of sophistication. A remarkable feature of this picture is that specific details of the model are mostly 
irrelevant: for example, the results do not depend on whether or not one uses the MIT bag model, all that is 
important is the confined quarks are treated relativistically. It also does not matter whether or not the sources 
of the repulsive and attractive forces are generated by the to and a, respectively, all that is needed is that they 
have respectively Lorcntz-vector and scalar character. 

The original version of the QMC model consists of the nucleon, a and ui mesons. It is easy to include the 
(isovector-vector) p meson, which is vital to produce the correct symmetry energy, in addition to the usual 
ingredients [13]. It is also possible to incorporate the (isovector-scalar) 5 meson into the model. Such a model 
allows us to study the effect of charge symmetry breaking in nuclei [18]. In those cases, all the mesons are 
assumed to be structureless. This version is sometimes called the QMC-I model. However, it is true that 
the mesons are also built of quarks and anti-quarks and that they may change their character in matter. To 
incorporate the effect of meson structure, one can suppose that the vector mesons are again described by a 
relativistic quark model (like a bag) with common scalar and vector mean-fields in matter. In this case, the 
vector meson mass in matter will also depend on the scalar mean-field. The a meson itself is, however, not 
readily represented by a simple quark model, because it couples strongly to the pseudoscalar (2tt) channel and 
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thus a direct treatment of chiral symmetry in medium is important. If, however, we choose an appropriate 
parametrization of the a mass in matter, it is possible to construct a model in which the structure effects 
of both the nucleon and the mesons are included [19]. This is called the QMC-II model. QMC-I predicts a 
non-linear coupling between the nucleon and the a meson and linear couplings of the vector mesons to the 
nucleon, while QMC-II yields many interaction terms because of the internal structure of the nucleon and 
mesons [19]. Extending this idea, one can find a novel, scaling mass formula for various hadrons in matter (see 
section 3.1.1). 

In general, an effective field theory at low energy will contain an infinite number of interaction terms, which 
incorporate the compositencss of hadrons [20]. It is then expected to involve numerous couplings which may 
be nonrenormalizable. Manohar and Georgi [21] have proposed a systematic way to manage to organize such 
complicated, effective field theories, which is called naive dimensional analysis (NDA). NDA gives rules for 
assigning a coefficient of the appropriate size to any interaction term in an effective Lagrangian. After extract- 
ing the dimensional factors and some appropriate counting factors using NDA, the remaining dimensionless 
coefficients are all assumed to be of order unity. This is the so-called naturalness assumption. If naturalness 
is valid, we can control the effective Lagrangian, at least at the tree level. As seen in Ref. [22], QMC-I pro- 
vides remarkably natural coupling constants, while in QMC-II the coupling constants are almost all natural. 
Therefore, the QMC model itself can be regarded as a natural effective field theory for nuclei. 

One can investigate the relationship between QMC and QHD [23, 24]. Carrying out a re-definition of the 
scalar field in matter, it is possible to transform the QMC picture into a QHD-type model with a non-linear 
scalar potential (if we ignore the change in the internal quark wave function of the bound nucleon). Some 
potentials generated from the QMC model can be compared with those used in relativistic mean-field (RMF) 
models. The QMC model always predicts positive coefficients for the cubic and quartic terms in the non-linear 
scalar potential [19, 24], while in the RMF model those coefficients are parameterized phenomenologically and 
thus sometimes become negative. Prom the point of view of field theory, the coefficient of quartic term should 
be positive. 

It is of interest to compare the QMC model with sophisticated versions of RMF models: for example, 
the recent version of QHD which was proposed by Furnstahl, Serot, Tang and Walecka [25]. This model 
is constructed in terms of nucleons, pions and the low-lying non-Goldstone bosons, and chiral symmetry is 
realized nonlinearly with a light scalar (cr) meson included as a chiral singlet to describe the mid-range nucleon- 
nucleon attraction. This has a total of 16 coupling constants and they are almost natural. In this case, the 
coupling constants were determined so as to fit measured ground-state observables of several nuclei by solving 
the model equations for the nuclei simultaneously and minimizing the difference between the measured and 
calculated quantities using a nonlinear least-squares adjustment algorithm. Therefore, the coupling constants 
were fixed entirely phenomenologically. Such a phenomenological determination of the coupling constants 
is also typical of the ordinary RMF approach. In contrast, the QMC model has basically three coupling 
constants, which are determined to fit the saturation properties of nuclear matter, whereas the other coupling 
constants are automatically generated throTigh a model for the structure of the hadrons. Therefore, the physical 
meaning of the coupling constants is quite clear. In the QMC model, the meson masses (cj, p, etc.) decrease 
in matter. However, in some RMF models, since the coupling constants were chosen phenomenologically, 
particular parameter sets lead to an increase of the effective meson masses in matter, which seems unlikely 
from the highlight of recent discussions [26, 27]. It should be noted that the chiral symmetry and its restoration 
have been recently discussed in the QMC model and that the pion cloud effect is studied in detail [28]. 

Furthermore, it is very remarkable that the QMC model can provide a many-body effective Hamiltonian 
in non-relativistic approximation [29]. It naturally leads to the appearance of many-body forces. In the 
conventional nuclear physics, the Skyrme effective forces are very popular and often used to estimate various 
properties of finite nuclei. However, there is no satisfactory interpretation of the parameters appearing in the 
Skyrme forces. Comparing the many-body Hamiltonian generated by the QMC model in the zero-range limit 
with that of the Skyrme eflFective forces, one can obtain a remarkable agreement between the Skyrme force and 
the effective interaction corresponding to the QMC model. It allows us to recognize that, indeed, the response 
of nucleon internal structure to the nuclear medium does play a vital role in nuclear structure. 

There have been a lot of interesting applications to the properties of infinite nuclear matter and finite 
nuclei. It is possible to extend the QMC model of infinite nuclear matter to finite nuclei if we assume that 
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the meson fields do not vary rapidly across the interior of the nucleon in a nucleus and that the nucleon is 
not moving too rapidly - i.e., the Born-Oppenheimer approximation [30, 31]. It is, for example, possible to 
study the properties of strange, charm, and bottom hypernuclei (see section 3.3), as well as the bound states of 
various mesons and nuclei (see section 3.4). In this way we can investigate the properties of flavored hadrons 
in medium, as well as the partial restoration of chiral symmetry for heavy hadrons in a nuclear medium, where 
light quarks play crucial roles in those hadrons. We should emphasize again that, we do not have to determine 
various coupling constants for many hadrons in the QMC model. They are automatically determined at the 
quark level and this enables the QMC model to handle various hadrons in a systematic and unified manner 
based on the quark model. This strengthens the predictive power of the model enormously, once it has been 
calibrated using successfully using the available experimental data. 

Furthermore, the QMC model predicts the variation of the nucleon form factors in nuclear matter (see 
section 4.1), which will certainly effect the analysis of electron scattering off nuclei [6, 32], including the 
polarization-transfer coefficients discussed at the top of this section. Recent experimental analysis [6] of results 
from Mainz and Jefferson Laboratory (JLab) do indeed seem to support such a variation of nucleon form 
factors in nuclei. The modification of nucleon structure in the nuclear medium is also expected to modify 
nuclear structure functions [33] (the nuclear EMC effect), which are measured by scattering with high-energy 
charged-leptons and/or neutrinos. We study such possibilities in section 4.2 based on empirically observed, 
Bloom-Gilman (quark-hadron) duality [34], which bridges between the low energy nucleon form factors with 
high energy deep-inelastic scattering nuclear structure functions. 

The discrepancy between the calculated binding energy differences of mirror nuclei and those measured is 
a long-standing problem in nuclear physics, known as the Okamoto-Nolen-Schiffer (ONS) anomaly [35]. It is 
recognized that the ONS anomaly may not be understood by only the traditional approach, and conventional 
nuclear contributions to the anomaly are thought to be at the few percent level of the experimental findings. 
The effects of charge symmetry breaking (CSB) in the nuclear force, especially p-oj mixing, seemed to reduce 
this discrepancy [36]. However, the importance of the momentum dependence of the mixing amplitude has 
been pointed out using several different models [37, 38]. It suggests that the p-u mixing amplitude at space-like 
momenta is quite different from the value at the u) pole and implies that the nucleon-nucleon (NN) potential 
given by the off-shell amplitude of the p-oj mixing is very far from the ones used in the successful phenomenology. 
Thus, it may be difficult to explain the ONS anomaly by only the meson-mixing potentials. When the mass 
difference between u and d quarks is taken into account, the nucleon substructure may produce the difference 
between the meson couplings to proton and neutron, that leads to CSB in the NN interaction. It may be 
possible to extend the QMC model to study such CSB in nuclei [18, 39]. The change of the form factors due 
to the substructure effect of the nucleon may also give a previously unknown correction to the extraction of 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix clement, Vud-, from super-allowed Fermi /3-decay [40, 41]. To 
draw more definite conclusions, there is, however, a need for further investigation. 

In a recent helicity analysis of subthreshold p^ production on ^H, ^He and -"^^C at low photo- production 
energies, the results are indicative of a large longitudinal p° polarization and this signature is used to extract 
in-medium p^, invariant mass distributions for all three nuclei [42]. Then, the and ^He data distributions 
support the role of A'^*(1520) excitation in shaping the in-medium invariant mass distribution, while the 
^^C distributions are consistent with quasi- free production and the data support an in-medium modification 
of the p° invariant mass distribution. The in-medium mass of the p meson predicted by the QMC model is 
consistent with the observed data [42, 43]. Two interesting experiments concerning the modification of the 
Lo mass in nuclear matter have also been performed very recently at the ELSA tagged photon facility (the 
CBELSA/TAPS collaboration) [44] and KEK [45]. Using the Crystal Barrel/TAPS experiment at ELSA, the 
in-medium modification of u meson was studied via the reaction ^ + A^uj + X^ 7r°7 -|- X' , and results 
obtained for Nb were compared to a reference measurement on a liquid hydrogen target. While for recoiling, 
long-lived mesons (vr*^, rj and r/'), which decay outside of the nucleus, a difference in the lineshape for the two 
data samples was not observed, they found a significant enhancement toward lower masses for omega mesons 
with low momenta produced on the Nb target. For momenta less than 500 MeV/c, they have concluded that 
the in-medium oj mass is about 722 MeV at 0.6po (where po is the normal nuclear matter density), which is 
just the value predicted by the QMC model [19] (see also section 3.1.1). At KEK, the invariant mass spectra 
of e^e~ pairs produced in 12-GeV proton-induced nuclear reactions were measured using the KEK Proton- 



6 



Synchrotron. On the low-mass side of the w-meson peak, a significant enhancement over the known hadronic 
sources has been observed. The mass spectra, including the excess, are well reproduced by a model that takes 
into account the density dependence of the vector meson mass modification. 

Furthermore, in recent experimental work in relativistic heavy-ion collisions, the J/if^ suppression is thought 
to be a promising candidate as a signal of a quark-gluon plasma (QGP) and the experimental data show an 
anomalous result [46]. The modification of the D and D meson properties in nuclear medium, derived within 
the QMC model, can lead to a large J/* absorption cross section [47], which is required to explain the observed 
J/^ suppression in the microscopic, hadronic comover dissociation scenario, without assuming any formation 
of a QGP phase (see section 5.3). (In QMC, the mass modification of J/^ in nuclear medium is expected to 
be very moderate.) 

These facts seem to indicate that the traditional nuclear/hadronic physics approach may have its limitations 
and suggest a need for the study of alternate approaches including subhadronic degrees of freedom. Exciting 
a single quark in the nucleon costs about 400 MeV. This is not significantly different from the energy required 
to excite a A. It is also the same order of magnitude as the scalar and vector potentials required in QHD. 
Furthermore, the u and d quarks are very light compared to nucleon and mesons and should be able to respond 
faster to their environment. We know of no physical argument why this response should be ignored. It is, 
therefore, very important to consider and answer the following question: Do quarks plays an important role in 
nuclei and nuclear matter ? Our aim in this review article is to show how subnucleonic (subhadronic) degrees 
of freedom do indeed appear in nuclear physics. 

This paper is organized as follows. We first review the foundation of the QMC model in section 2, in which 
the relationship between the QMC model and widespread nuclear models is also discussed. It is shown how 
the nucleon mass is modified by the nuclear environment. Several modified versions of the QMC model are 
also reviewed. In section 3, various properties of infinite nuclear matter and finite nuclei are summarized. We 
propose a new scaling formula for hadron masses in a nuclear medium. In particular, we study in detail the 
properties of strange, charm and bottom hypernuclei, which may be observed in forthcoming experiments. A 
new type of the spin-orbit force as well as the effects of Pauli blocking and channel coupling are also discussed. 
We review the effects of nucleon substructure on lepton-nucleus scattering in section 4. It is very interesting 
to study nucleon form factors in matter and nuclear structure functions because lepton-nucleus scattering can 
directly probe the quark substructure of in-medium nucleon. We compare several experimental results with 
the QMC predictions. In section 5, we summarize important implications predicted by the QMC model for 
hadronic reactions. In the last section, we give a summary and an outlook regarding future work. 

2 Foundation of the QMC Model 

2.1 Non-relativisitic treatment 
2.1.1 Classical consideration 

Following Guichon et ai, we first treat a nucleon in a nucleus classically [30]. We generally denote a coordinate 
in the nuclear rest frame (NRF) as {t,r), while we define an instantaneous rest frame for a nucleon at each 
time t (IRF), which is denoted with primes {t',f'): 

ri = r • -u = cosh^ -|- sinh^, 

r± = ri, (1) 
t = t' cosh ^ + sinh ^. 

In the NRF, the nucleon follows a classical trajectory, R{t), and the instantaneous velocity of the nucleon is 
given hy V = dR/dt. In Eq. (1), vl and r± are respectively the components parallel and transverse to the 
velocity and ^ is the rapidity defined by tanh^ =| v{t) \. 

Let us suppose that quarks in the nucleon have enough time to adjust to the local fields in which the nucleon 
is moving [31]. It is exact if the fields are constant, because the motion of the nucleon has no acceleration. We 
shall examine this approximation for a typical nuclear environment. Assume that at t = the nucleon is at 
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Rq. After a short time t{<^ 1), the coordinate of the nucleon can be described as 



R{t) = Ro + vot + ^t^do, (2) 

where the velocity and acceleration at t = are respectively denoted by vq and Sq = F /Aljsj = — Vy/Afjv (with 
Mat the free nucleon mass and V potential). If we take a typical nuclear potential, F, as the Woods-Saxon 
form 

Vir) = (3) 



1 + exp 



t-Ra 
a 



with depth Vq ^ —50 MeV, a ~ 0.5 fm (surface thickness is about 2 fm) and radius Ra ~ 1.274^/^, the maximum 
acceleration occurs at the nuclear surface, and it is 

where R is & unit vector in the radial direction. Therefore, in the IRF, since the coordinates {t, R±, Rl) are 
transformed as Eq. (1), one finds i?^ = i^^cosh^ — fsinh^. Assuming | |<IC 1 and combining the transverse 
part, we get 



which gives 



R'-R',^ (R'it) -R[,)-R= ^^t^ (6) 



In the worst case, the departure from the initial position relative to the typical size of the nucleon itself 
{Rn ^ I fm) is then expressed as 



R'{t)-R'Q 



Rn 



\V0\ ,2 t 



2 



- (7) 



SgMnRn 75 

where t is in fm. Thus, as long as the time taken for the quark motion to change is less than ~ 9 fm, the nucleon 
position in the IRF can be considered as unchanged. Since the typical time for an adjustment in the motion of 
the quarks is given by the inverse of the typical excitation energy, which is of order 0.5 fm (corresponding to 
the A excitation), this is quite safe. 

We begin by constructing an appropriate Lagrangian density in the IRF. As a nucleon model we adopt the 
static, spherical MIT bag [48] : 



CQ = 2l;g{i'yd-mg)ij'g-BVB, for | |< (8) 

with B the bag constant, Vb the bag volume, Rb the bag radius, niq the quark mass and u' the position of 
the quark from the center of the bag in the IRF - we denote as u' the 4-vector: u' = (t',u') = {t',f' — R'). 
The quark field in the IRF is expressed by i^'q{t\ u'), which satisfies the bag boundary condition at the surface 
\u' \=Rb- {1 + ■ u')ip'g = 0. 

We incorporate the interaction of the quark with the scalar (cr) and vector (w) mean fields, which are 
generated by the surrounding nucleons. In the NRF, they are functions of position: a{'r) and w'* = (uj{f),0) in 
MFA. Thus, in the IRF, these fields can be expressed by Lorentz transformation 

aiit',u') = a{r), 

uji{t',u') = a;(r)cosh^, (9) 
Ldj{t',u') = — a;(r)'0 sinh^, 

where the subscript / stands for the IRF. Thus, the interaction can be written as 

£i = gl^qilj'q{u')aM) - g:i,lPqj^ij'q{u')iv>;{u'), for | u' \< Rb, (10) 
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where g'^ ((7^) is the quark-a (a;) couphng constant. It is also possible to include the effect of p meson field (see 
section 2.1.5). 

Now let us construct a Hamiltonian in the IRF. Suppose that at time t' the bag is located at R' in the 
IRF, while, in the NRF, it is located at R at time T. Using Eq. (1), for an arbitrary position r' in the bag 
(r ' = -u' + at the same time t' , we find 

tl = -R^, cosh ^ + t' sinh^ + -u'^ cosh ^, 

= Rl + u'lCOsYi^, (11) 
f± = R'i_ + u'i_. 

Prom this relation, the a and co fields are given by 

aiit',u') = aiRLiT)+u'L cosh ^,R'j_iT) + u'L), (12) 
co^{t',u') = rj>'Lo{RL{T) + u'i^cosh^,R'^{T)+u'L), (13) 

where rj^ = (cosh^, — i;sinh^). 

For a while, suppose that the effect of finite size of the nucleon is negligible and that the mean fields in the 
IRF can be approximated by their values at R{T) in the NRF, for example, aj 2± a{R{T)). As the typical time 
scale for a change in the motion of the quark is r ~ 0.5 fm, the relative change of the field during this time. 
Act, is 

Aa = \a{R{T + r)) - a{R{T))\ = {v • R)r . (14) 

It is then expected that the a field roughly follows the nuclear density, and as long as it is constant in the 
interior of the nucleus, Aa almost vanishes. The variation of the density occurs mainly at the surface where it 
drops to zero from the normal nuclear matter density, po, over a distance d of about 2 fm. Therefore, one can 
estimate \{da/dR)/a\ as approximately 1/d at the surface. Furthermore, the factor {v ■ R) introduces a factor 
of 1/3, because v is isotropic. If we take \v\ ~ kp/MN ~ 0.36 {kp — 1.7 fm~^), the relative change of the a 
field is then estimated to be 

Aa 0.5 X 0.36 

— ~ ^72- ~ ^'^^ 

This value is quite small, implying that the Born-Oppenheimer approximation certainly works well in the 
nucleus and that wc can treat the position R{T) as a fixed parameter in solving the equation of motion for the 
quarks in matter. Clearly this amounts to neglecting terms of order v in the argument of a and to. In order to 
be consistent we also neglect terms of order - i.e., we replace n'^cosh^ by u'j^ in the argument. 



2.1.2 Quantization at the quark level 

In the IRF, the interaction Lagrangian density thus becomes 

= 9l'^q'^'q{u)(T{R + u) - g^tpq' {f , w')[7o cosh ^ + 7 ■ V smh^]ipq{t' , u)uj{R + u ), (16) 

and the corresponding Hamiltonian is 

H = I du' -V + mg- gla{R + u')+ gl{^ocosh^ + ^ ■vsmh^)u{R+ (17) 
JVb 

where the integral is performed within the bag volume Vb- The momentum operator is then given by 

P = [ dnV^h^VlV^;. (18) 

Since the mean fields appreciably vary only near the nuclear surface, it makes sense to separate the Hamiltonian 
into two pieces, H = Hq + Hi: 

Ho = [ dn'V^/H7- V + m,-5>(^) + 5«(7oCOsh^ + 7-^sinhe)a;(i?)]V';(t',u') + Wb, (19) 
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Hi = [ du'%\-gl{a{R + u')-a{R))+gUloCOsh^ + j-vsmhOHR + u')-u{^^^^ (20) 
JVb 

Then, it is possible to consider the latter Hamiltonian iJi as a perturbation. 

We prepare a complete and orthogonal set of eigenfunctions for the quark field. They are denoted by <^°, 
where a is a collective symbol labeling the quantum numbers: 



/i0"(n') = {-ij"^.V + m;j")(j)''iu') = -^(P'^iu'), (21) 

Rb 

+ n -u'^cp^iu') = 0, a.t\u'\ = RB, (22) 

du' 4)"^^ (t>^ = S'^^, (23) 



'Vb 

with m* a parameter. The lowest, positive eigenfunction is then given by 



/"('^30 = ^ i»™„-Jx» (24) 



47r I iPqa ■ u' ji{xu' / Rb 

with u' = \u'\ and Xm the spin function and 



AT-' = 2Rlj^{x)[no{no-'^)+m*RB/2]/x^, (26) 

where x is the eigenvalue for the lowest mode, which satisfies the boundary condition at the bag surface, 
jo (a;) =Pqji{x). 

Using this set, the quark field can be expanded as 

^'qit',u') = Y.e-^^-^'r{u')ho,{t% (27) 

a 

with ha an annihilation operator for the quark and k = g'^w (ii) {) sinh^, which ensures the correct momentum 
for a particle in the vector field. Since the quark field satisfies 

the free Hamiltonian and momentum operators are, respectively 

^0 = E(^)^a^«-EH(5M^)-^. + Kho|/3)^>J«?'a + iV,5Sa;(i2)coshC + WB, (29) 
P = Y.{a\ - iV\l3)biba - Nqk, (30) 

a/3 

where Nq{= J2a^aba) is the quark number operator and 

{a\A\P) = [ du'^''\u')A^I^{u'). (31) 

JVb 

Choosing an effective quark mass as m* = ruq — g%a{R), we find the leading part of the energy and 
momentum operators in the IRF 

Hi = J2^^biba + Nqg^MR)cosh^ + BVB, (32) 

= E("|-^'^l/^)^a^'a-iV,5Xi?)«sinhC, (33) 

a/3 
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where the frequency 17 depends on R because the effective quark mass varies, depending on position through 
the a field. If we quantize the ba in the usual way, the unperturbed Hamiltonian is diagonalized by number 
states \Na,Np, ■ ■ ■) with the eigenvalue of the number operator h\j}a for the mode {a}. Since we suppose 
that the nucleon should be described in terms of the three quarks in the lowest mode {a = 0) and should 
remain in that configuration as R changes in matter, the gradient term in the momentum operator becomes 
zero because of parity conservation. Then, we obtain the energy and momentum in the IRF as 

El = MUR) + 39'MR) cosh ^, (34) 
= -35^u;(i?)*sinh^, (35) 

with the effective nucleon mass 

M*M = ^^^ + BVb. (36) 

Kb 

Since we are treating the corrections to leading order in the velocity, the Lorentz transformation simply 
provides the expressions for the leading terms in the energy and momentum in the NRF as 

Eo = M*^{R) cosh C + 3glco{R), (37) 

P = M^{R)v sinh^. (38) 

This implies 

Eo = yjM*^{R) + P^ + ^gluj{R). (39) 

As usual, we here parameterize the sum of the center of mass (cm.) correction and gluon fluctuation corrections 
to the bag energy by the familiar form, —zq/Rb, where zq is assumed to be independent of the nuclear density 
(see the next subsection). Then, the effective nucleon mass in matter takes the form 

MUR) = ^'''^f~'' +BVB, (40) 
Kb 

and the equilibrium condition is required as 

dM*^{R) 
dRs 



0. (41) 



This is again justified by the Born-Oppenheimer approximation, according to which the internal structure of 
the nucleon has enough time to adjust the varying external field so as to stay in its ground state. We emphasize 
that the effective nucleon mass depends on position only through the scalar field. This result does not depend 
on the specific model of the nucleon, but is correct in any quark model in which the nucleon contains relativistic 
quarks which are linearly coupled to Lorentz-scalar and vector fields. 



2.1.3 Correction due to the center of mass motion 

Let us now consider the dependence of the cm. correction on the external fields [30]. It turns out that this 

correction is only weakly dependent on the external field strength for the densities of interest. We estimate this 
cm. correction for an external scalar field (note that a linearly coupled vector field does not alter the quark 
structure of the nucleon). Our aim here is not to obtain an exact expression for the cm. correction to the MIT 
bag, but only to look for its dependence on the external field. Therefore, it is reasonable that we consider a 
model where the quark mass grows quadratically with the distance from the center of the bag, instead of the 
sharp boundary condition for the MIT bag. In this simple estimate, we further assume that the quark number 
is conserved, which allows us to formulate the problem in the first quantized form. 
We now consider a model defined by the following first-quantized Hamiltonian: 

N 

Hh.o. = ^lo{i){l{i) ■Pi + m{ri)), = -zV^, (42) 
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with the quark mass m{r) = m* + Kr^ {K the strength of the harmonic oscillator potential), where ?ti*(= 
niq — g%(j) is the effective quark mass in the presence of the external scalar field. 
Using the quark number TV, we can define the intrinsic coordinates {p, tt) as 

p 

TTi = Pi-J^, P = '^Pi, Y^T^i = 0, (43) 



Pi = fi-R, R=^Y.^i' I^Pi = 0. (44) 



Then we can separate the Hamiltonian into two pieces; 

Hh.o. = Hintr. + Hc.m.i (45) 

Hintr. = X!^o(«)(7(^) • TTi + m(/9;)), (46) 
i 

p 

i i 

— * 

Here we note that the intrinsic Hamiltonian, Hintr. , commutes with the total momentum, P, and the coordinate 
of the center of mass, R, and that [Hc.m.,R\ = —i J2i 70(07(^5 where the r.h.s. can be identified with the time 
derivative of R. 

Now all we know are the eigenstates of Hh.o., but we can consider Hem. as a correction of order with 
respect to the leading term in the total energy. Therefore, we calculate its effect in first order perturbation 
method, that is 

Eintr. = Eh.o. — Ec.m. = Eh.o. — {A\Hc.m.\A), (48) 

where \A) is the eigenstate with its energy Ea- Thus, the energy due to the cm. correction is 

Ee.m. = (^1^ • E7o(^)7(i) + 2KR.Y,lom - KR^Y.^o{i)\A). (49) 

i i i 

Let \a) be the one body solutions, that is 

-yoi^ ■ p + m{f))(pa = ^a(pa- (50) 

Supposing that all the quarks are in the lowest mode, we then find 

Ecm. = ^0- m*(0|7o|0) + K(0|7or2|0) - (0|7o|0)(0|r2|0) + 0{1/N). (51) 

To determine the wave function we solve Eq. (50) numerically and adjust the potential strength K so as 
to give = 2.04, i.e., the lowest energy of the free bag (in units of the bag radius Rb = 1 fni). We then find 
K = 1.74. We can now compute E^.m. numerically (see Eq. (51)) as a function of m*. We find that in the 
region of — 1.5 < m* < the value of Ecm. is almost constant and its dependence on the external scalar field 
is very weak. Thus, for practical purposes, it is a very reasonable approximation to ignore the dependence of 
Ecm,. on the external field [30] . 

2.1.4 Correction due to Hi and Thomas precession 

Here we return to the Hamiltonian Eq. (17) and estimate the perturbation term. Hi (Eq. (20)). Expanding 
the scalar and vector fields, a{R + u') and u}{R + u'), in powers of u' 

a{R + u) = a{R) + u ■VRa{R) + --- , (52) 
io{R + u) = uj{R) + u ■VRio{R) + ---, (53) 

and computing the effect up to first order. Hi is given by 

Hi= [ du%'^^'g{t', u') ■ vgl sinhC«' • VRa;(i?), (54) 
JVb 
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where the scalar term and the vector term including 70 vanish because of parity conservation. Then, the 
perturbation can be rewritten as 



a/3 



(55) 



where we set {a} = {0, nia} with the spin projection of the quark in the lowest mode {0}. Then, we find 

(a|7o7 • vu'\P) = J dn>°"*«*7o(7 • v)u'(jP'^^ , 

= -I{R){ma\'^\mp) XV, (56) 

with 

m = y dv!u'^f{v!)9{u'), (57) 

where u' = \u'\, and / and g are respectively the upper and lower components of the quark wave function and 
the factor 4/3 comes from the angular part of the integral with respect to u' . If we use the wave function of 
the MIT bag, we find 

40o + 2m*i?B-3 



2noi^Q -'^)+m*RB 



(58) 



This integral, I{R), depends on R through the implicit dependences of the bag radius and eigenvalue on 
the local scalar field. Its value can be related to the nucleon magnetic moment jl: 



1 



drfx ipl{r)dipq{r). 



(59) 



The values of / in the free case, Iq, may then be expressed in terms of the nucleon isoscalar magnetic moment: 
Iq = 3ns/M]\f with fig = /"p + /^n and = 2.79 and /x„ = —1.91 the experimental values (all in units of /in)- 
Using this value. Hi is rewritten by 



I{R)M*^{R) 
IoMn 



1 



M*^\R)R 



(60) 



with S the nucleon spin operator and L its angular momentum. 

This spin-orbit interaction is nothing but the interaction of the magnetic moment of the nucleon with the 
"magnetic" field of the uj meson seen from the rest frame of the nucleon. This induces a rotation of the spin 
as a function of time. However, even if ^ig were zero, the spin would nevertheless rotate because of Thomas 
precession [49] , which is a relativistic effect independent of the structure 



Hpiec 



1 - ^ 
--V X — • 6, 

2 dt ' 



where the acceleration up to lowest order in the velocity is given by 

dv _ _ 1 



-V[MUR) + ^9'MR)\- 



(61) 



(62) 



Mj^(E) 

Combining this precession and the effect of Hi, we finally get the total spin orbit interaction to first order in 
the velocity 

Hi+Hprec = Vs.o.iR)S-L, (63) 

where 



Vs.oXR) 



1 



2M%\R)R 



d 



and 



r]s{R) = 



-^M*^iR) ) + (1 - 2/.,r?,(i?)) ( ^Sg^^R) 



d 



dR 



I{R)M*^{R) 
IqMn 



(64) 
(65) 
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2.1.5 Total Hamiltonian in the mean fields 

It is not difficult to introduce the neutral p meson field. In the mean field approximation, only the neutral 
component is active. The interaction Lagrangian density may then be given by 

-C/ = -g$tpqj^c^i^qiu)p^{u), (66) 

where pj is the neutral />meson field in the IRF and T3 is the the third component of Pauli matrix acting on 
the quark field. If the mean field value of the time component of the p field is denoted by b{R) in the NRF, one 
can transpose the results for the lo field. The only difference between the two fields comes from trivial isospin 
factors 

^gZ^g^^^ i^s ^ i^v = i^p - i^n, (67) 

where /2 is the nucleon isospin operator. 

Because, in the NRF, E = cosh^£^^ + sinh^P/ and Pl = cosh^P^ + sinh(^£J^, one finally finds that the 
NRF energy-momentum of the nucleon moving in the meson fields is 

E = M^(P)cosh^ + y(P), (68) 

P = M*^iR)vsinh^, (69) 

with 

V{R) = Vc{R) + V,.o.{R)S-L, (70) 

Vc{R) = Zglu{R)+gl^b{Rl (71) 

= ~ o..i/mo (A. + (l-2Msr?.(P))A^ + (l-2/x,?7,(i!))^AJ , (72) 
ZMj^ [K)R \ ^ ) 

^^ = ^2^^^^^' ^'^ = J?^^'^^^' ^"^^R^'^^'^- ^^^^ 
For a point-like nucleon, one has /x^ = 1 while the physical value is Hs = 0.88. Thus, in so far as the u 
contribution to the spin-orbit force is concerned, the point-like result has no problem. But, this is not the 
case for the p contribution, because we still have ^„ = 1 for the point-like particle but the observed value is 
/ly = 4.7. This structure is included in a very natural way in the QMC model. 

Now let us consider how the model is quantized in the non-relativistic framework. Until now the motion of 
the nucleon has been treated as classical, but it is necessary to quantize it. The simple way to proceed may be 
to find a Lagrangian which can realize the energy-momentum expressions Eqs. (68) and (69). If we keep only 
terms up to those quadratic in the velocity, we find that the Lagrangian 

L{R, v) = -M*n{R)Vi - - VciR), (74) 

can produce the energy and momentum. Here we drop the spin dependent correction since it already involves 
the velocity. Then, the non-relativistic expression of the Lagrangian may be 

Lnr{R,v) = ^M^iPy - M^R) - Vc{R), (75) 

which leads to the Hamiltonian 

Hnr{R, P) = P- r-^^ + M*^{R) + V{R), (76) 

where the spin-orbit interaction is re-inserted in V{R). Thus, the nuclear, quantum Hamiltonian for the nucleus 
with atomic number A is given by 

A 

Hfir = y^,Hnr{Ri,Pi), Pi = -iV i- (77) 



and 
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2.1.6 Equations for the meson fields 

The equations of motion for the meson-field operators {a, u'^, p^) are given by 



{d^d'' + ml)a = gli^^%, (78) 
{d^d^' + mDCb'' = gU^gY^g, (79) 

2 



{d.d^ + mlW = gl%Y4^l^„ (80) 



where rricr, m^^, and nip are respectively the masses of a, u and (neutral) p mesons. We shall apply the mean 
field approximation to these meson fields. The mean fields are calculated as the expectation values with respect 
to the nuclear ground state |^): 

{A\a{t,r)\A) = a{r), (81) 
{A\u;''{t,r)\A) = S.Mr), (82) 
{A\p'^{t,r)\A) = S,,ob(^. (83) 

Next, we need the expressions for the sources in Eqs. (78), (79) and (80) 

{A\%4^g{t,r)\A), {Ai^^YMt^m), {A\4^,Y^Mt,m)- m 

Since the sources are given by the sums of the source created by each nucleon in MFA, we can write 

i i 

where (• • ■)i is the matrix element in the nucleon i located at R at time t. (For a while, we shall not present 
the expression of the source for the p meson because it is the same as that for the uj except for trivial isospin 
factor.) Because we apply the Born-Oppcnheimer approximation within the model, the sources are given by 3 
quarks in the lowest state. In the IRF, one finds 

r-"))i = 3E^'"(^')</'-'"^(^')^35,(u'), (86) 

m 

(?,V<(t',r'))i = 35,,oE'^^'"(^')'/'•'™(^') = 3^.,o^^(«0• (87) 

m 

Note that the space component of the vector field vanishes because of parity conservation. 
The Lorentz transformation between the IRF and NRF leads to 

Ui,L = {fL - Ri,L) cosh^j, = f±- Ri^±, (88) 

at the common time t in the NRF. Because of the Lorentz-scalar and vector characters, the sources are rewritten 
in the NRF as 

{ipgipq{t,r))i = 3si{{rL - Ri,L)cosh^i,f± - Ri^±), (89) 
{'ipqY'^q{t,r))i = 3tt;j((rL - i?i,L)cosh,fi,f_L - i?i,_L)cosh^i, (90) 
{'^ql'^q{t,r))i = ^Wi{{rL- Ri,L)coshii,r±- Ri^±_)vsmh.^i. (91) 

(92) 

These sources can be transformed 

{%Y^g{t,f^)i = -1- f dke^'^<^'-^^'>W{k,Ri), (94) 



(27r)3 . 

(V^,7^,(t,r))^ = j^vJdke''^<^-^^^W{k,Ri), (95) 



(27r)^ 

15 



with the sources in momentum space 

S{k, Ri) = J dne-^(^^-"^+*^^"^/"°^'^^*)si(n), (96) 
W{k,Ri) = y"d5e-^(^^-"^+^^"^/^°^^«^)wi(5). (97) 
Thus, the mean field expressions for the meson sources are given by 

{A\^g^,{t,r)\A) = j^Jdke''^-^A\Y,{coshCi)-'e-''^-^^S{llh)\A), (98) 

{A\i^^j^4^,{t,r)\A) = ^Jdke''^-^A\Y,e-'^'-^^Wik,R^)\A), (99) 

{A\4igi^P,{t,f)\A) = 0. (100) 

Note that the velocity vector averages to zero. 

The matrix element, {A\ exp{—ik ■ Ri) ■ ■ ■ \ A), in Eqs. (98) and (99) only remains when k is less than, or 
of order of the inverse of the nuclear radius. Furthermore, since u is bounded by the nucleon size, the argument 
of the exponential in Eqs. (96) and (97) can be ignored when the model is applied to large enough nuclei. In 
this approximation, we can simplify the sources further 

{A\lPgi;g{t,r)\A) = 35(f)p,(f), (101) 
{A\lp.YMt,r)\A) = 36,,oPB{r), (102) 



q 

{A\^gY^Mt,^\A) = 5.,oP3(r), (103) 



with the scalar, baryon and isospin densities of the nucleon in the nucleus 



Psir) = {A\Y:^^f^^S{r-Rm, (104) 
PB(r) = {A\J2S{r-Ri)\A), (105) 



N 



psir) = {A\J2^S{r-Rm- (106) 

i 

Here we deduced the source for the p meson (the isospin density, ps) from that for the u. In Eq. (101), S{r) 
for the i-th nucleon (at r) is given by 



Sir) = S{0,f) = / dusiiu) = r,!^W L (107) 

J Uo[no - 1) +m*RB/2 



in the MIT bag model. This has an implicit coordinate dependence through the local scalar field at r. 

Since these sources are time independent, the equations for the meson fields are finally given by 

{-Vl + ml)a{r) = g^C{r)ps{f^, (108) 

{-Vl + ml)u{r) = g^pBif^, (109) 

(-V2 + m2)p(r) = gpP3{r), (110) 

where the meson-nucleon coupling constants and C are respectively defined by 

g, = 3glS{a = 0), g^ = Sg^, g^ = g^, C{r) = S{r)/S{a = 0). (Ill) 
Thus, the mean fields carry the energy 

Emeson = \ j [(Va)^ + m^a^ - (Va;)2 - _ (v;,)2 _ ^2j,2]_ (1^2) 
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2.1.7 Self- consistent procedure 

Let us summarize the model and review the procedure for the self-consistent calculation for finite nuclei: 

1. Choose the bare quark mass, rUq, and construct a quark model of the nucleon so as to produce the free 
nucleon properties. For example, if we take the MIT bag model, the bag parameters, B and zo, are fixed 
to fit the free nucleon mass and the bag radius. 

2. Assume that the coupling constants and the masses of the mesons are known. 

3. Calculate the nucleon properties, I{a) (Eq. (57)) and S{a) (Eq. (107)), at a given value of a. 

4. Guess initial forms of the densities, Ps{r), Psir), Psir), in Eqs. (104)-(106). 

5. For Ps{r), PB{r) and p^{f) fixed, solve Eqs. (108)-(110) for the meson fields. 

6. Evaluate the effective nucleon mass, M]^, in the nucleus (for example, Eq. (40)) and the potential, V{r) 
(Eq. (70)). If we take the MIT bag model, the bag radius at each position in the nucleus is determined 
by the equilibrium condition, Eq. (41). For practical purposes, it is very convenient to make simple 
parameterizations for and C{r) as functions of the value of the a field at given position r. The bag 
model enables us to make parameterizations which work very well at moderate densities (see section 3). 

7. Solve the eigenvalue problem given by the nuclear Hamiltonian Eq. (77) and compute the shell states 
from which the densities, ps{r), psif), Psi^^j can be evaluated. 

8. Go to 5 and iterate until self-consistency is achieved. 

2.2 Relativistic model 
2.2.1 Relativistic treatment 

To facilitate a comparison between QMC and the widely used Quantum Hadrodynamics (QHD) [17], we re- 
formulate the model as a relativisitic field theory [19, 30]. We make no attempt to justify the formulation of a 
local, relativisitic field theory at a fundamental level because it is not possible for composite hadrons. Our point 
is to try to express the present idea in the framework of relativisitic field theory at the mean field level. To do 
so, we first write a relativisitic Lagrangian and check that it is equivalent to the non-relativisitic formulation 
in an appropriate approximation. Since it is vital to consider the a and uj fields but less important to include 
the p field in a (isospin) symmetric nuclear medium, once again we omit the p contribution for a while. 

Our basic result is that essentially the nucleon in a nuclear medium can be treated as a point-like particle 
with the effective mass M^{a{r)), which depends on position through the local scalar field, moving in the 
vector potential g^ijj{r). Since, as already pointed out, the spin-orbit force due to the u is almost equivalent 
to that of a point-like Dirac nucleon, a possible Lagrangian density for the symmetric nuclear system may be 
written as 

C = V'[z7 • d - Ml^{a) ~ g^uj^'-f^]i; + Cmeson, (113) 
where ip, a and to are respectively the nucleon, a and to field operators. The free meson Lagrangian density is 

jO-meson = lid^^d^a - m^a^) - ^d^cb^id^'u'' - d^u^') + \mlu^^^u^. (114) 

If we separate the effective nucleon mass as 

Mj^(a) =Miv-5a(<T)a, (115) 

and define the cr-field dependent (or position dependent) coupling constant, gai^), one can check that ga{cr = 0) 
is the same as g^ defined in Eq. (111). Furthermore, if we rewrite the Lagrangian density 

C = il;[i-f ■ d - Mn + g<r{a)a - g^U)>^-i^]i: + Cmeson, (116) 
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it is very clear tliat the difference between the present model and QHD lies only in the fact that the substructure 
effect of the nucleon provides a known dependence of the scalar meson-nucleon coupling constant on the scalar 
field itself in a nuclear medium. It should be stressed that this dependence is not the same as that adopted 
in recent density-dependent hadron field theories [50], in which the meson-nucleon vertices are assumed to 
phenomenologically depend on the baryonic densities. 

In MFA, we can replace the meson-field operators by their expectation values in the Lagrangian: a a{f) 
and a)'*(r) — > Sn^oLo{'r). Then, the nucleon and meson fields satisfy the following equations: 

{i^ ■ d ~ M*M - 9u.7oco)^p = 0, (117) 
{-Vl + ml)a{f) = - (^AM^(a)) (AlV^V(r)l^), (118) 

(-Vf + mlMr) = gUA\i^^Hr)\A), (119) 

where the derivative of the effective nucleon mass with respect to the scalar field is the response of the nucleon 
to the external scalar field - the so-called scalar polarizability. That is given in terms of the scalar density of a 
quark in the nucleon S{a{r)) in Eq. (107): 

-^M*^{a) = -C{a)g,{a = 0) = -j-{g,{a)a). (120) 

Note also that the sources in the r.h.s. of Eqs. (118) and (119) are, respectively, equal to the previously defined 
scalar [ps) and baryon {pb) sources. 

It is possible to see that the present relativistic formulation can go back to the previous non-relativisitic 
one (without the p coupling) under the following conditions: (1) only terms of second order in the velocity 
are kept, (2) second derivatives of the meson fields are ignored, (3) each field is small in comparison with the 
nucleon mass, (4) the isoscalar magnetic moment, yU^, is supposed to be unity. 

To describe a nucleus with different numbers of protons and neutrons (Z / N), it is necessary to include 
the p-meson contribution. Any realistic treatment of nuclear structure also requires the Coulomb interaction. 
Thus, an interaction Lagrangian density to be added to Eq. (116) at the quark level may be 

^p+i = -V'q 

(see also Eq. (66)). We saw in the previous section that this leads to both a central and spin-orbit potential 
for the nucleon in the NRF. Furthermore, for the isoscalar uj contribution the potentials are well represented 
by a (point) a;-nucleon coupling. However, for the the relativisitic formulation at the nucleon level requires 
a strong tensor coupling (~ cr^'^qu) if it is to reproduce the large isovector magnetic moment (/7,y = 4.7). In 
the present stage, we follow the usual procedure adopted in the Hartree treatment of QHD, namely, we only 
use a vector coupling for the p, with its coupling adjusted to give the bulk symmetry energy in MFA. (More 
precise discussion for the inclusion of the p meson remains as a future problem.) In this case, it is easy to get 
the expressions for the p and Coulomb fields by including trivial isospin factors: ?,g'^Lo{r) gp{T^ /2)b{r) or 
— > (e/2)(l -|- T^)A(r). This is the first, relativistic version of the quark- meson coupling model - we shall call 
this QMC-I. 

In summary, our effective Lagrangian density for the QMC-I model in MFA takes the form 

- e 
Cqmc-i = ^^[^7 • ^- Afi^(<7(r)) - 5'a;^(f)7o --5(p^6(f)7o - -(1 + T;f )A(f)7o]V' 

+ \[{^h{r)? + mlbirf] + \{V A{r)f . (122) 

The mean field description can be improved by the inclusion of exchange contribution (Fock terms) [51]. 
The inclusion of Fock terms allows us to explore the momentum dependence of meson-nucleon vertices and 
the role of pionic degrees of freedom in matter. It has been found that the Fock terms maintain the mean 

field predictions of the QMC model but that the Fock terms significantly increase the absolute values of the 
single-particle energy, 4-component scalar and vector potentials. This is particularly relevant for the spin-orbit 
splitting in finite nuclei (see also section 2.6). 



6 + ?)>^'' 



I?' 



(121) 
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2.2.2 Properties of the in-medium nucleon mass 

We now consider the properties of the nucleon in a nuclear medium, based on the relativisitic formulation 
developed in the previous section. In general, the Dirac equation for the quark field in matter may be written 
as (see also Eq. (21)) 

[ij-d- (m, - F/) - K(r) - 7oK']V'9(0 = 0, (123) 

where the quark feels the scalar (like the a) and vector (like the u>) potentials in nuclear matter, which 
are self-consistently generated by the medium, while Vc represents the confinement potential. As discussed in 
section 2.1.1, the scalar and vector potentials depend on the position of the nucleon, but they may be supposed 
to be constant inside the nucleon because the potentials do not vary much across it - this is the local density 
approximation (LDA) (see Ref. [31] for details). 

As the nucleon is static, the time-derivative operator in the Dirac equation can be replaced by the quark 
energy, —iCq. By analogy with the procedure applied to the nucleon in QHD [17], the Dirac equation, Eq. (123), 
can be rewritten in the same form as that in free space, with the effective quark mass m*{= mq — V^) and the 
energy e*(= — V^), instead of mq and in the free case. In other words, the vector interaction has again 
no effect on the nucleon structure except for an overall phase in the quark wave fTinction, which gives a shift 
in the nucleon energy. This fact does not depend on how to choose the confinement potential Vc- The nucleon 
energy (at rest), E*j^, in the medium is then expressed by [19, 52] 

E*j, = M*^{V^) + W,^ (124) 

where the effective nucleon mass depends on only the scalar potential in the medium, as discussed in the 
non-relativisitic treatment. We here again stress that the basic result in the QMC model is that, in the scalar (u) 
and vector {u) meson fields, the nucleon behaves essentially as a point-like particle with an effective mass M]^, 
which depends on the position through only the a field, moving in a vector potential generated by the oj meson. 
This feature should hold in any model in which the nucleon contains relativistic quarks and the (middle- and 
long-range) attractive and (short-range) repulsive nucleon-nucleon (N-N) forces have Lorentz- scalar and vector 
characters, respectively. 

We consider the nucleon mass in matter further. The nucleon mass is a function of the scalar field. Because 
the scalar field is small at low density the nucleon mass can be expanded in terms of a as 




In the QMC model, the interaction Hamiltonian between the nucleon and the a field at the quark level is given 
by Hint = —'^da I dr ipqaipq, and the derivative of with respect to a is thus given by the quark-scalar 
density in the nucleon, — 35^S'jv(cr) (see Eq. (107)). (Hereafter, we add the suffix N to the scalar density S 
and its ratio C to specify the nucleon.) Because of the negative value of {j-^^, the nucleon mass decreases 
in matter at low density. 

Furthermore, if we use Eq. (120), we find that 

M*^ = Mn- 9a(T - ^gaC'^ma'' + ■■■. (126) 

In general, the scalar-density ratio, Cn, (or the scalar polarizability) is a decreasing function because the quark 
in matter is more relativistic than in free space. Thus, C^(0) takes a negative value, and hence the third term 
in the right hand side of Eq. (126) makes the mass larger. If the nucleon were structureless Cjv would not 
depend on the scalar field, that is, Cn would be constant (Cat = 1). Therefore, only the first two terms in 
the right hand side of Eq. (126) remain, which is exactly the same as the equation for the effective nucleon 
mass in QHD. By taking the heavy-quark- mass limit in QMC we can reproduce the QHD results [13]. We 
recall that this decrease in Cjv constitutes a new saturation mechanism [10] - different from pure QHD - and 
is the main reason why the scalar coupling constant is somewhat smaller in QMC than in QHD. Finally, we 
note that it is possible to relate the mass reduction in the QMC model to the change of quark condensates in 
matter [13, 53, 54] (see section 3.1.2). 
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2.2.3 Effect of meson structure 



Until now, we have studied only the effect of the nucleon substructure. It is, however, true that the mesons are 
also built of quarks and antiquarks, and that they may also change their properties in a nuclear medium. It 
may not be so difficult to include such effects in the present model [19]. To incorporate it, we suppose that the 
vector mesons are again described by a relativistic quark model with common scalar and vector mean fields, 
like the nucleon. Thus, the effective vector meson mass in matter, m*(t; = 00, p), again depends only on the 
value of scalar mean field in matter. However, for the a meson it may not be easy to describe it by a simple 
quark model (like a bag) because it couples strongly to the pseudoscalar (27r) channel, which requires a direct 
treatment of chiral symmetry in a nuclear medium. Since, according to the Nambu-Jona-Lasinio model [55, 56] 
or the Walecka model [57, 58], one might expect the a-meson mass in medium m* to be less than in free space, 
we shall parameterize it using a quadratic function of the scalar field: 

^) = 1 - a,{g,a) + K{g,cj)\ (127) 

with two, additional new parameters and 60-- 

Using these effective meson masses, one can construct a new Lagrangian density for finite nuclei, which 
involves the structure effects of not only the nucleons but also the mesons, in the MFA: 

- e 
Cqmc-ii = i^[ii-d-M%-g^u{7^-iQ-gp^h{7^-iQ--{l + Tl^)A{7^-fQ]'4} 

- \[{^'y{r)f + mf{r)a{rf] + \[{Vu^{r)f + m*J{r)u{r)'] 

+ \[iSm? + rnf{r)h{f)^] + \{^A{r))\ (128) 

where the masses of the mesons and the nucleon have a dependence on position through the scalar mean-field. 
We call this model QMC-II [19]. 

At low density, the vector-meson mass can be expanded in the similar manner to the nucleon case (Eq. (125)): 

(dml\ 1 / (Pvn^ 2 ^ 

~ m^~2glS^{Q)u-glS'M^'', 
2 1 

= ^v- ■^ga^v/N<^ - g5'Tr„/ArC^(0)cr^, (129) 

where is the free mass and S'^(<t) is the quark-scalar density in the vector meson, 

' dm* \ 2 

da'^v/NCvi'j), (130) 



da J 3 

and Cv{cr) = Sv{(j)/ 3^(0). In Eqs. (129) and (130), we introduce a correction factor, T,^/^, which is given by 
Sy{0)/ S]\f{0), because the coupling constant, g^, is defined specifically for the nucleon by Eq. (111). 

Although the fields for the vector mesons satisfy the usual equations Eqs. (109) and (110) with their 
effective masses, instead of the free ones, the equation of motion for the a is also modified by the effect of 
meson substructure. Since the quark and antiquark inside the mesons interact with the a field, the source for 
the a is given by not only the derivative of the nucleon mass with respect to a but also those for the mesons 
in QMC-II. (Actual expression will be given in section 3.) 



2.2.4 Naturalness 

Here we check whether the concept of naturalness" applies in the QMC model [22]. In general, an effective field 

theory at low energy will contain an infinite number of interaction terms, which incorporate the compositeness 
of hadrons. This is expected to involve numerous couplings which may not be renormalizable. Such an EFT 
requires an organizing principle to make sensible calculations. 
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Manohar and Georgi [21] have proposed a systematic way to manage such compUcated, effective field theories 
called "naive dimensional analysis" (NDA) . NDA gives rules for assigning a coefficient of the appropriate size to 
any interaction term in an effective Lagrangian. After extracting the dimensional factors and some appropriate 
counting factors using NDA, the remaining dimensionless coefficients arc all assumed to be of order unity. This 
is the so-called naturalness assumption. If naturalness is valid, the effective Lagrangian can be truncated at a 
given order with a reasonable bound on the truncation error for physical observables. Then we can control the 
effective Lagrangian, at least at the tree level. 

NDA has been already applied to QHD [25], where it was concluded that the rclativistic Hartrcc approxi- 
mation (RHA) in QHD leads to unnaturally large coefficients due to the treatment of the vacuum in terms of 
the excitation of N N-\yw:s. This means that the loop expansion in QHD does not work as well as one would 
desire [59]. 

Here we use NDA to see whether the QMC model gives natural coefficients. In brief, NDA tells us the 
following: for the strong interaction there are two relevant scales, namely, the pion-decay constant (= 93 
MeV) and a larger scale, A ~ 1 GeV, which characterizes the mass scale of physics beyond the Goldstone 
bosons. The NDA rules indicate how those scales should appear in a given term in the effective Lagrangian. 
The rules are: 

1. include a factor of 1//,^ for each strongly interacting field, 

2. assign an overall normalization factor of (/ttA)^, 

3. multiply by factors of 1/A to achieve dimension (mass)^, 

4. include appropriate counting factors, e.g. 1/n! for ^" (where (j) \s a meson field). 

Since the QMC Lagrangian in MFA is given in terms of the nucleon (■^), scalar (a) and vector (a; and p) 
meson fields, we can scale a generic Lagrangian component as 



minipi 



. PA J V/. 



/tt / V /tt 



(131) 



where V and r stand for a combination of Dirac matrices and isospin operators. The overall coupling constant 
cimnp is dimensionless and of 0(1) if naturalness holds. 
The QMC Lagrangian is given by 



C^QMC — ^free + ^ern + ^ 



int. 
QMC^ 



(132) 



where Cfree and Cem stand for the free Lagrangian for the nucleon and mesons and the electromagnetic 
interaction, respectively, while ^^qmc involves (strong) interaction terms. For the QMC-I and QMC-II, C^qmc 
is respectively given by Eqs. (122) and (128) 



^QMC-i — V' 



{Mn - M^{a)) - 5^700; -gpi^jjob 



V', 



(133) 



and 



/•int. 

'-QMC-II 



+ 



1 

2 
1 



{Mn - Mli{a)) - g^^iQU -gp[^-\ioh 



[a) - 



*2/ \ 2 1,2 

mp (a) -mp b , 



*2l \ I 



(134) 



where the effective masses in the medium depend only on the scalar field. 
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Table 1: Interaction terms and corresponding (dimensionless) coupling constants. We take 
A = Mjv in Eq. (131). A, B and C denote three types of parameterization of the a mass in 
a medium (see section 3.1). 
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0.39 
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-0.75 


-0.76 


-0.75 




C0202 




0.84 


0.86 


0.84 




C0302 




-0.70 


-0.73 


-0.70 




C0402 




0.39 


0.41 


0.39 



If the MIT bag model is used to describe the hadrons, one finds that the mass at nuclear density is 
given by quite a simple form for the region of pu < 3/9o [19]- The reduction of the mass from the free value, 



5M* 



Mi 



Ml 



is then given by 



Ha 



5M* ~ -^g. 



<7, 



(135) 



where j = N, a, lu, p, and Ug is the number of light quarks in the hadron j, and aj is a slope parameter for 
the hadron j, which is given by the second derivative of the mass with respect to the a field (for details, see 
section 3.1.1). 

There are several coupling constants to be determined in the QMC-I and QMC-II models. In section 3, we 
will explain in detail how these constants are fixed. Here, we merely present the values of the dimensionless 
coefficients, c^rnnp^ hi Eq. (131) for each interaction term in Table 1. (In the QMC-II model, we choose three 
parameter sets for the effective u-meson mass in matter (see Eq. (127)). See for details section 3.1.) Using 
Eqs. (127) and (135), the QMC-I Lagrangian has four interaction terms, while the QMC-II Lagrangian offers 
16 terms due to the internal structure of the nucleon and the mesons. 

As seen in the table, the QMC-I model provides remarkably natural coupling constants, whose magnitudes 
lie in the range 0.5 - 1.0. In QMC-II, 14 or 15 of the 16 coupling constants can be regarded as natural. Only the 

large absolute values of cqsoo for set C and coeoo for sets A - C are unnatural. Since the coefficients, C0500 and 
C060O) a-re respectively proportional to aa-b^ and we see that those unnaturally large numbers are associated 
with the parameterization of the a mass in matter. In particular, a large value for the coefficient b^y leads to 
unnatural values for C0500 and coeoo- In the present estimate, the reduction of the o"-meson mass in matter was 
the sole feature of the model which could not be calculated but was put in by hand. There is nothing within 
the QMC model itself which requires 6^ to be so large. Therefore, the QMC model itself can be regarded as a 
natural effective field theory for nuclei. 
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2.3 Relationship between the QMC model and conventional nuclear models 

We shall consider the relationship between the QMC model and conventional nuclear approach. To this end 
we re-formulate the QMC model of a nucleus as a many body problem in the non-relativistic framework. This 
allows us to take the limit corresponding to a zero range force which can be compared to the familiar Skyrme 
force in conventional nuclear physics [29]. 

In the previous section 2.1.5, we have found the following expression for the classical energy of a nucleon 
with position (R) and momentum (P) (see Eq. (76)): 

Er,{R) = + M*^{R) + gMR) + Vso, (136) 

2M^{R) 

To get the dynamical mass M^{R) one has to solve a quark model of the nucleon (e.g., the bag model) in the 
field a{R). For the present purpose, it is sufficient to know that it is well approximated by the expression (see 
Eq. (126)) 



M 



j,{R) = MN-9^a{R) + '^{g^a{R))\ (137) 

where d is a parameter - the bag model gives d = 0.22Rb- The last term, which represents the response of 
the nucleon to the applied scalar field - the scalar polarizability - is an essential element of the QMC model. 
From the numerical studies we know that the approximation Eq. (137) is quite accurate at moderate nuclear 
densities (see section 3). 

The energy (136) is for one particular nucleon moving classically in the nuclear meson fields. The total 
energy of the system is then given by the sum of the energy of each nucleon and the energy carried by the fields 
(see Eq. (112)): 

Etot = E]S[{Ri) + Ejneson, (138) 



Emeson = \ J {^'^) + "^a^^^ ~ i^^) 



2 2 

m,.,u; 



(139) 



To simplify the expression for £'jv(i?), we estimate the quantity g(^a using the field equations 5Etot/Sa{f) = 
0. Neglecting the velocity dependent terms, setting ^ Mjv — g'o-c and neglecting (Vcr)^ with respect to 
m^a^, we find the total energy 

Etot = Emeson + E (^^^ + ^ + Ko(i) j " J dr pf (^a^^ - ^idacr f) + J df p'^ g^co, (140) 

where wc define the classical densities as p^'(f) = Ri) and pfif) = X^j(l — Pf /2M'^)5{f — Ri). This 

will be the starting point for the many body formulation of the QMC model. 

To eliminate the meson fields from the energy, we use the equations for the mesons, 6Etot/Sa{f) = 
SEtot/Soo{r) = 0, and leave a system whose dynamics depends only on the nucleon coordinates. We first 
remark that, roughly speaking, the meson fields should follow the matter density. Therefore the typical scale 
for the V operator acting on cj or a; is the thickness of the nuclear surface, that is about 1 fm. Therefore, it 
looks reasonable that we can consider the second derivative terms acting on the meson fields as perturbations. 
Then, starting from the lowest order approximation, we solve the equations for the meson fields iteratively, and 
neglect a small difference between pf and p"^^ except in the leading term. When inserted into Eq. (140), the 
series for the meson fields generates A^-body forces in the Hamiltonian. To complete the effective Hamiltonian, 
we now include the effect of the isovector p meson, which can be done by analogy with the lo meson. 

The quantum effective Hamiltonian finally takes the form 



QMC 



^ Gp Ti.Tj 



1 
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Table 2: QMC predictions (with rria- — 600 MeV) compared with the Skyrme force. See text 
for details. 
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+ (141) 

where Gi = gf/mf {i = a, u, p) and Aij = + C^l^s — ^)Goj + {2fiv — l)GpTi ■ Tj/A. Here Rij = Ri — Rj and Vj 
is the gradient with respect to Ri acting on the delta function. To shorten the equations, we used the notation 
5'^{ijk) for 6{Rij)6{Rjk) and analogously for 6'^{ijkl). Furthermore, we have dropped the contact interactions 
involving more than 4-bodies because their matrix elements vanish for antisymmetrized states. 

To fix the free parameters, Gj, the volume and symmetry coefficients of the binding energy per nucleon of 
infinite nuclear matter, Eb /A = ai+ a4{N — Z)'^ / A'^ , are calculated and fitted so as to produce the experimental 
values. Using the bag model with the radius Rb = 0.8 fm and the physical masses for the mesons and = 600 
MeV, one gets, in fm^, = 11.97, G^ = 8.1 and Gp = 6.46. 

It is now possible to compare the present Hamiltonian with the effective Skyrme interaction. Since, in our 
formulation, the medium effects are summarized in the 3- and 4-body forces, we consider Skyrme forces of the 
same type, that is, without density dependent interactions. They are defined by a potential energy of the form 



V = t3 Yl miJ)6{RJk)+J2Uo{l+XoPa)SiR^j) + \t2Vij■6{R^^^ 
i<j<k i<j 

- ^*i [5iRij)% + %5iRi,)] + '-Woiai + aj) ■ x SiRij)%^ , (142) 



with Vij = Vi — Vj. There is no 4-body force in Eq. (142). Comparison of Eq. (142) with the QMC Hamiltonian, 
Eq. (141), allows one to identify 

*o = -G, + G,-^, t3 = 3dGl, xo = -^. (143) 

4 2*0 

To simplify the situation further, we restrict our considerations to doubly closed shell nuclei, and assume 
that one can neglect the difference between the radial wave functions of the single particle states with j = 1+1/2 
and j = 1 — 1/2. Then, by comparing the Hartree-Fock Hamiltonian obtained from Hqmc and that of Ref. [60] 
corresponding to the Skyrme force, we obtain the relations 

3*1 + 5*2 = S + 4f%-%')+3%, (144) 



\ml ml) ml'' 



5*2-9*1 = S + 28f%-%') -3%, (145) 
M% \ml ml) my 



Wo 



In Table 2, we compare our results with the parameters of the force Skill [61], which is considered a good 
representative of density independent effective interactions. Instead of *i and *2, we show the combinations 
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3ti + 5t2, which controls the effective mass, and 5t2 — 9ti, which controls the shape of the nuclear surface [60]. 
From the table, one sees that the level of agreement with Skill is very impressive. An important point is that 
the spin orbit strength Wq comes out with approximately the correct value. The middle column (N=3) shows 
the results when we switch off the 4-body force. The main change is a decrease of the predicted 3-body force. 
Clearly this mocks up the effect of the attractive 4-body force which may then appear less important. However, 
this is misleading if we look at the incompressibility of nuclear matter, K, which decreases by as much as 37 
MeV when we restore this 4-body force. 

Now one can recognize a remarkable agreement between the phcnomenologically successful Skyrme force 
(Skill) and the effective interaction corresponding to the QMC model - a result which suggests that the response 
of nucleon internal structure to the nuclear medium does indeed play a vital role in nuclear structure. 



2.4 Relationship between the QMC model and Quantum Hadrodynamics 

Next, let us examine the relationship between the QMC-I model and QHD in detail [24]. The main difference 
between QMC and QHD at the hadronic level lies in the dependence of the nucleon mass on the scalar field in 
matter (see Eq. (126)). By re-defining the scalar field [23, 24], the QMC Lagrangian density can be cast into 
a form similar to that of a QHD-typc mean-field model, in which the nucleon mass depends on the scalar field 
linearly (as in QHD), with self-interactions of the scalar field. It should be emphasized here that the QMC 
model explicitly provides how the quark structure changes inside the in-medium nucleon. Such information is 
necessarily not part of any QHD-type mean-field model generated through the re-definition of the scalar field. 

In the QMC model, the nucleon mass in matter is given by a function of a, Qj^(j{a), obtained from a 
quark model of the nucleon, while in QHD the mass depends on a scalar field linearly, M]^ qhd ~ — go4'i 
where ^ is a scalar field in a QHD-type model. Hence, to transform the QMC into a QHD-type model, we may 
re-define the scalar field of QMC as 

goct){a) = Mn- M^^^q^M, (147) 

where go is a constant chosen so as to normalize the scalar field (f) in the limit cr — 0: (/)(cr) = a + 0{a'^). Thus, 
go is given by go = -{dM^Qj^fj/da)a=o, and we find go = ga- 

The contribution of the scalar field to the total energy, Egd, can now be rewritten in terms of the new field 

6 as 



Escl = \j dr[{VcTf + rr?y] = j df 



(148) 



where Ug describes self-interactions of the scalar field: 



VM) - ',mM,f ana . (|) . (^) . ,14, 

Note that in uniformly distributed nuclear matter the derivative term in Esd does not contribute. Thus this 
term only affects the properties of finite nuclei [23]. Now, QMC at the hadronic level can be re-formulated in 
terms of the new scalar field (f), and what we obtain has the same form as QHD, with the non-linear scalar 

potential Us{(f)) and the coupling h{(j)) to the gradient of the scalar field. (Note that because this re-dcfinition 
of the scalar field docs not involve the vector interaction, the energy due to the u) field is not modified.) 

In general, the in-medium nucleon mass may be given by a complicated function of the scalar field. However, 
in the QMC with the bag model, the mass can be parameterized by a simple expression up to 0{g'^) (see also 
Eq. (126)): 

M*^/MNC^l-ay + by^, (150) 

where y (= gaa/M^) is a dimensionless scale and a and b are (dimensionless) parameters. This parameterization 
is accurate at moderate nuclear densities (see for details section 3.1.1). 

Once the parameters a and b are fixed, we can easily re-define the scalar field using Eq. (147): 



2 1 — \/l — 4:d(f) 

90 = aga, (pW) = a-da and a[(j)) = — , (151) 
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with d = hQfj / aMi\f . This satisfies the condition that a — > in the hmit — > 0. The non-hnear potential is 
thus calculated as 

where r = h/a. By contrast, the standard form of the non-linear scalar potential is usually given by 

Us{<l>) = \ml^' + lct>^ + ^^ct>\ (153) 

It is well known that the non-linear scalar potential given in Eq. (153) is vital to reproduce the bulk properties 
of finite nuclei and nuclear matter in relativisitic mean field models. 

We can estimate the parameters k and A in the QMC by comparing Eqs. (152) and (153). Because the 
parameters a and h are respectively about unity and 0.2 — 0.5 (see Table II in Ref. [24]), one finds k ~ 20 — 40 
(fm^-*^) and A ~ 80 — 400. Since the QMC predicts that both a and b are always positive, we can expect that 
the quark substructure of the in-medium nucleon provides a non-linear potential with positive k and positive 
A in the QHD-type mean-field model. By contrast, the parameters k and A phenomenologically determined 
in RMF models take wide range of values (for example, Ref. [25, 62, 63]), and the potentials in those models 
are then quite different from one another for large \(j)\. However, from the point of view of field theory, the 
coefficient of quartic term should be positive. The QMC model always yields a positive A. 

In general, the phenomenological potential may consist of a part that is due to the quark substructure of 
the nucleon, as well a piece involving inherent self-couplings of the scalar field in matter. It would therefore be 
very intriguing if the potential due to the internal structure of the nucleon could be inferred from analyses of 
experimental data in the future. 



2.5 Modified quark-meson coupling model 

As we have seen in the previous sections, the QMC model provides a simple and attractive framework to 
incorporate the quark structure of the nucleon in a nucleus. In the original QMC model, we chose to hold 
the bag constant at its free space value, even for nuclear matter. When a nucleon bag is put into the nuclear 
medium, the bag as a whole reacts to the environment. As a result, the bag constant might be modified. There 
is little doubt that at sufficiently high densities, the bag eventually melts away and quarks and gluons become 
the appropriate degrees of freedom. Thus, it seems reasonable that the bag constant be modified and decrease 
as the density increases. Moreover, the MIT bag constant may be related to the energy associated with chiral 
symmetry restoration, and the in-medium bag constant may drop relative to its free space vahic. This way of 
thinking leads to a modified version of the QMC model - called the modified quark-meson coupling (MQMC) 
model [23, 64, 65, 66]. In principle, the parameter z may also be modified in the nuclear medium. However, 
unlike the bag constant, it is unclear how z changes with the density as z is not directly related to chiral 
symmetry. Here we assume that the medium modification of z is small at low and moderate densities. 

To reflect this physics, we introduce a direct coupling between the bag constant, B, in matter and the scalar 
mean field 

B 



1-5. T 



b4 a 



(154) 



S Mn_ 

where and S are new, real positive parameters and Bq is the free value of the bag constant. Note that 
differs from g^ (or go-) and that when g^ = the original QMC model is recovered. This direct coupling 
is partially motivated from considering a non-topological soliton model for the nucleon where a scalar soliton 
field provides the confinement of the quarks. Roughly speaking, the bag constant in the MIT bag model 
mimics the effect of the scalar soliton field in the soliton model. In the limit S oo, Eq. (154) reduces to an 
exponential form with a single parameter g^ , B/Bq = exp[—Ag^ a /M]\f]. In the limit of zero current quark 
mass and gu = 0, the nucleon mass scales like B^^^ from dimensional arguments. Then, from Eq. (154) we 
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get M^/Mn = (B/Bq)^^^ = 1 — 4g^a/6MN . One observes that the Hncar (T-nucleon coupHng is just 
while 5 controls the non-linearities. For 5 = 4, the non-linearities vanish and the QHD-I is recovered but with 
a density dependent bag radius. 

Alternative is a scaling model, which relates the in-medium bag constant to the in-medium nucleon mass 
directly through 

" ^'^^^r (155) 



B 
B'o 



Mn. 

where k is a real positive parameter {k = corresponds to the usual QMC model). Note that in this model, 
the effective nucleon mass and the bag constant B are determined self-consistently . 

One notices that both Eqs. (154) and (155) give rise to a reduction of the bag constant in nuclear medium 
relative to its free-space value. While the scaling model is characterized by a single free parameter k, it leads 
to a complicated and implicit relation between the bag constant and the scalar mean field. On the other hand, 
the direct coupling model features a straightforward coupling between the bag constant and the scalar mean 
field, which, however, introduces two free parameters, and 5. 

The most important feature is that the reduction of B relative to Bq leads to a decrease of M'^/Mn 
and an increase of the repulsive vector potential relative to their values in the original QMC model. In the 
MQMC model, the reduction of the bag constant in nuclear medium provides a new source of attraction as 
it effectively reduces Mf^. Consequently, additional vector field strength is required to obtain the correct 
saturation properties of nuclear matter. 

It can be seen that when the bag constant is reduced significantly in nuclear matter, the resulting magnitudes 
for — Mjv and Uy = gi^w are qualitatively different from those obtained in the usual QMC model and 
could be ~ 700 MeV and ~ 200 MeV, respectively, for some parameter sets [64]. These values imply that 
large and canceling scalar and vector potentials for the nucleon can be produced in nuclear matter and they are 
comparable to those suggested by Dirac phenomenology [67]. These potentials also imply a strong nucleon spin- 
orbit potential and the essential features of relativistic nuclear phenomenology are recovered. The corresponding 
results for the nuclear matter incompressibility K are, however, larger than the value in the usual QMC model 
but smaller than that in QHD-I. The relationship among the QMC, MQMC and QHD is clarified and discussed 
in Ref. [23, 65, 66]. 

In the usual QMC model, the bag radius decreases slightly and the quark root-mean-square (rms) radius 
increases slightly in nuclear matter with respect to their free-space values. When the bag constant drops relative 
to its free-space value, the bag pressure decreases and hence the bag radius increases in the medium. When 
the reduction of the bag constant is significant, the bag radius in saturated nuclear matter is 25 — 30% larger 
than its free-space value. The quark rms radius also increases with density, with essentially the same rate as 
for the bag radius. This implies a "swollen" nucleon in nuclear medium. However, a 25 — 30% increase in the 
nucleon size is generally considered too large in comparison with the conclusion drawn from electron scattering 
data [68, 69]. The MQMC model has also been used to study many nuclear phenomena. 



2.6 Variants of the QMC model 

In the original QMC model, the MIT bag model was used to describe the nucleon structure. Although the basic 
idea of the QMC model is not altered, it is possible to replace the bag model with the constituent quark model. 

Toki et al. [70] have proposed a quark mean field (QMF) model for nuclcons in nuclei, where the constituent 
quarks interact with the meson fields created by other nucleons and hence change the nucleon properties in 
nuclei (see also Ref. [51]). They have found very good nuclear matter properties with the use of the nonlinear 
self-energy terms for the meson fields. In particular, the spin-orbit splitting in finite nuclei becomes large due 
to the large reduction of the in-medium nucleon mass. In this picture, the nucleon size increases by about 7% 
at the normal nuclear matter density. This QMF model has been applied to various nuclear phenomena, for 
example, the effect of density-dependent coupling constants for finite nuclei [71], A- hyper nuclei [72], pentaquark 
0+ in nuclear matter and 0+ hypernuclei [73]. 

Krein et al. [51] have also proposed a similar model, in which the constituent quark model is used to describe 
a nucleon. In addition to that, the exchange contribution and pionic effect have been calculated. As in QHD, 
the exchange effect is repulsive and the coupling of the mesons directly to the quarks in the nucleons introduces 
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Tabic 3: Bag constant and parameter zq for several bag radii and quark masses. 
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211.3 170.3 144.1 
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210.9 170.0 143.8 
4.003 3.295 2.587 


210.5 169.6 143.5 
4.020 3.317 2.614 



a new effect on the exchange energies that provides an extra repulsive contribution to the binding energy. In 
this approach, the picnic effect is not small. 

Recently, the QMC model has been extended to a model based on SU{3)l x SU{3)r symmetry and scale 
invariance [74]. In this model it is possible to study strange hadronic matter, multi-strange hadronic system 
or strangelets, including A, S and S hyperons. The properties of hyperons in matter have been discussed with 
several types of confining potentials. The phase transition corresponding to chiral symmetry restoration in 
high density nuclear matter is also investigated. 

Using the Nambu-Jona-Lasinio model to describe the nucleon as a quark-diquark state, it is also possible to 
discuss the stability of nuclear matter, based on the QMC idea [75]. This model has been applied to interesting 
nuclear phenomena including the high energy lepton-nucleus scattering [76, 77]. 



3 Properties of nuclei 

In the previous section, we presented the basic idea of the QMC model, and saw various models relating to it. 
In this section, we are now in a position to report numerical results for various nuclear phenomena. 



3.1 Nuclear matter properties - saturation properties and incompressibility 

Let us first consider the simplest version of the QMC model (QMC-I), which includes only the nucleon, a and 
LO mesons, and calculate the properties for symmetric nuclear matter [10, 13, 19, 52]. In this case, because of 
the uniform matter distribution, the sources of the meson fields are constant and can be related to the nucleon 
Fermi momentum kp as 

4 r ^ 2k^ 
PB = J^sJ dke{kp-k) = ^, (156) 



Ps = 7^ I dk eikp - k)^J^M=, (157) 



4 r ^ Mt 
/ dk eikp - k) ^ ^ , 

(2^) -I \IM^+k^ 

where M^j is the constant value of the effective nucleon mass at a given density. We here adopt the MIT 
bag model, and the bag constant B and the parameter zq (which accounts for the sum of the cm. and gluon 
fluctuation corrections) are determined so as to produce the free nucleon mass under the stationary condition 
with respect to the free bag radius, (hereafter denotes the nucleon bag radius in free space, see Eqs. (40) 
and (41)). In the following we treat the free bag radius as a variable parameter to test the sensitivity of our 
results to the free nucleon size. The results for B and zq are shown in Table 3. The free quark mass may be 
chosen to be ruq = 0, 5, 10 MeV. Let {a, u) be the constant mean-values of the meson fields which are given by 

ml 

o = ^CNia)-^ [ dke{kF-k)^£L=, (159) 
ml (27r)3 J ^/M*f+P 

where CnIo') is now the constant value of the scalar density ratio defined by Eq. (111). 
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Table 4: Coupling constants and calculated properties for symmetric nuclear matter at 
normal nuclear matter density (QMC-1). The effective nucleon mass, M]^, and the nuclear 
incompressibility, are quoted in MeV. The bottom row is for QHD [17]. 
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Once the self-consistency equation for the a has been solved, one can evaluate the total energy per nucleon 



J dk 9{kF - k)^M^^ + P 
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We then determine the coupling constants, gcr and gi^j, so as to fit the binding energy (—15.7 MeV) per nucleon 
at the saturation density, po = 0.15 fm~^ {kp = 1.305 fm~^), for symmetric nuclear matter. The coupling 
constants and some calculated properties of nuclear matter (for nia- = 550 MeV and m^, = 783 MeV) at the 
saturation density are listed in Table 4. The last three columns show the relative changes (from their values at 
zero density) of the bag radius (5R*j^/ Rn), the lowest eigenvalue (Sxq/xq) and the rms radius of the nucleon 
calculated by the quark wave function {6r*/rq) at saturation density. 

The most notable fact is that the calculated incompressibility, K, is well within the experimental range: 
K = 200 ~ 300 MeV. Although the bag radius shrinks a little at finite density, the rms radius of the quark wave 
function actually increases by a few percent at saturation density. This seems consistent with the observed 
results [68, 69] (see also section 4.1). The saturation mechanism of the binding energy of nuclear matter is 
novel. In QHD, the a and cu couplings to the nucleon are really constant, while in the QMC the (T-N coupling 
is reduced by the efi"ect of the internal structure of the nucleon, that is responsible for the saturation [10, 13]. 

Next let us consider the QMC-II model, including the effect of the meson structure (see section 2.2.3). For 
asymmetric nuclear matter {Z ^ N), we take the Fermi momenta for protons and neutrons to he kp^ {i = P 
or n). This is defined by pi = ^^' /(Svr^), where pi is the density of protons or neutrons, and the total baryon 
density, ps, is then given by pp + pn- From the Lagrangian density Eq. (128), the total energy per nucleon is 
then written 
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where the value of the lo field is determined by baryon number conservation, Eq. (158), with the effective mass 
m* instead of the free mass, and the p field value by the difference in proton and neutron densities, P3 = Pp~ Pn, 
asb = gpps/{2mf). 

In contrast, the a field is given by a self-consistency condition (instead of Eq. (159)): 
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Figure 1: Energy per nucleon for iso-symmetric nuclear matter (for niq = 5 MeV and 
Rn = 0.8 fm). The solid curve is for QMC-I, while the dotted (dashed) [dot-dashed] curve 
is for type A (B) [C] of QMC-II. 



Here we used Eq. (127) to describe the a mass in matter. Note that T^j/^v {v = u or p) is the correction factor 
to the scalar density ratio (see around Eq. (130)). In actual calculations using the bag model, we find that 
'^uj,p/N = 0.9996, which may be replaced by unity for practical purposes [19]. 

Next we must fix the two parameters in the parameterization for the a mass in matter (see Eq. (127)). For 
example, we here consider three parameter sets: 

(A) aa = 3.0 X 10-4 (MeV-^), = 100 x 10"^ (MeV'^), 

(B) aa = 5.0 X 10-4 (MeV-i), 6^ = 50 x 10"^ (MeV-^), 

(C) = 7.5 X 10-4 (MeV-i), = 100 x 10"^ (MeV-^). 

The parameter sets A, B and C give about 2%, 7% and 10% decreases of the a mass at saturation density, 
respectively. 

We then determine the coupling constants. As in the QMC-I model, g'^ and g"^ are fixed to fit the binding 
energy at the saturation density for symmetric nuclear matter. Furthermore, the p-meson coupling constant is 
used to reproduce the bulk symmetry energy, 35 MeV [78]. We take mp = 770 MeV. The coupling constants 
and some calculated properties for symmetric nuclear matter are listed in Table 5. In Fig. 1, we show the total 
energy per nucleon for iso-symmetric nuclear matter calculated in QMC-I and three types of QMC-II. We note 
that the nuclear incompressibility is higher than that in QMC-I. However, it is still much lower than in QHD. 
As in QMC-I, the bag radius of the nucleon shrinks a little, while its rms radius swells a little. 

We here comment on other non-relativisitic or relativistic calculations for nuclear matter. In non-relativistic 
approach, the Brueckner-Bethe-Goldstone formalism [79] or variation chain summation methods [80] with an 
effective two-body interaction like the Argonne vig are often used to study the nuclear bulk properties. However, 
it is well known that a phenomenological three-body force like Urbana IX is vital to produce the empirical 
values of the saturation energy at po and the incompressibility. As discussed in section 2.3, the QMC model in 
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Table 5: Coupling constants and calculated properties for symmetric nuclear matter at 
normal nuclear matter density (QMC-11). We take rriq = 5 MeV, = 0.8 fm and m„ = 550 
MeV. The effective nucleon mass, M^, and the nuclear compressibility, K, are quoted in 
MeV. 
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non-relativistic limit has already involved many-body interactions which are generated by the response of the 

nucleon to the applied scalar field — the scalar polar izability. Thus, it would be very interesting to compare 
the role of three-body forces in the conventional calculations with the contact interactions, Eq. (142), in the 
non-relativistic QMC. 

The relativisitic Dirac-Brueckner approach is also often used to study the bulk nuclear matter properties. 
Using it, Dalen et al. [81] have calculated various properties of iso-asymmetric nuclear matter. They have 
obtained a reasonable saturation property for symmetric nuclear matter and calculated the mean-field effective 
coupling constants, which decrease with increasing nuclear density. We note that the origin of such changes 
is different from that of the coupling-constant change in QMC. In contrast, using the relativistic Brueckner- 
Hartree-Fock approach with explicit intermediate negative energy states (in the Gross approximation), Jong 
and Lenske [82] have pointed out that the intermediate anti-nucleons provide a large vector repulsion and 
the effective mean-field coupling constants increase with increasing nuclear density. Furthermore, to obtain 
a reasonable saturation result, it is vital to modify the nucleonic off-shell form factor, which may relate to 
the internal structure of the nucleon, compared with the free one. Although it may be uncertain whether 
the anti-nuclcon degrees of freedom is relevant in the intermediate state, it would be very interesting that the 
in-medium form factor plays the important role even in the relativistic Brueckner-Hartree-Fock calculation. 



3.1.1 A new scaling formula for hadron masses in nuclear matter 

We have discussed the effective nucleon and u meson masses in detail in sections 2.2.2 and 2.2.3. Here we 

describe a new scaling formula for hadron masses in matter that is predicted by the QMC model. 

In the QMC-II model, the a and u masses are respectively given by Eqs. (127) and (129). The nucleon 
mass is also expressed by Eq. (126). At small density, the scalar field is approximated 

g^a ~ 200 (MeV) (^^^ , (163) 

and we find 

^'^^^-l-0.2ir^) and r^Ul-0.17r^V (164) 



\MnJ \PoJ XnivJ \PoJ 

Since the ratio of the quark-scalar densities for the nucleon, Cjv (see Eq. (126)), is well approximated by a 
linear function of g^cr 

Cn{o-) = 1 - X {ga(y), (165) 
Eq. (120) can be solved easily and the nucleon mass is then expressed as 



M*^ = Mn- ga 



1 '^^ f \ 

1 - -Yi9a(T) 



a. (166) 



It is also true that the ratio for the vector meson can be well described by a similar, linear function of g(^a: 

C^{a) = l-a^x (g^a). (167) 

In the QMC model, it is possible to calculate masses of other hadrons in matter. In particular, there is 
a considerable interest in studying the masses of hyperons in medium - e.g. A, S and S. For the hyperons 
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Table 6: Slope parameters for the hadrons (xlO ^ MeV Types A, B, C correspond to 
those in the effective a mass. 
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themselves we again use the MIT bag model and assume that the strange quark in the hyperon does not 
directly couple to the scalar field in MFA, as one would expect if the a meson represented a two-pion-exchange 
potential. It is also assumed that the addition of a single hyperon to nuclear matter of density pB does not 
alter the values of the scalar and vector mean-fields - that is, we take the local-density approximation to the 
hyperons. For example, the mass of the strange quark is taken to be = 250 MeV, and new ^-parameters 
in the mass formula are again introduced to reproduce the free hyperon masses: = 3.131, zy, = 2.810, and 
z~, = 2.860. Using those parameters, we can calculate the masses of A, S and S in nuclear matter and finite 
nuclei [19]. 

In general, we find that the eflFective hadron mass in medium is given by 

M* = Mj + 

Mj - '■^g.T^/i.a - •^g.Vji^C] (0)(72, (168) 

where j stands for iV, w, p. A, S, H, etc., rtq is the number of light quarks in the hadron j, Tj/jv = Sj{0)/ Sn{0) 
with the quark-scalar density, Sj, in j, and the scalar density ratio, Cj{a) = Sj{a)/Sj{0). 
Using Eqs. (163) and (168), the hyperon masses at low density are given by 

where we take rA,s,s/Af = 1) because we find that the F factor for the hyperons is again quite close to unity. 

The linear approximation to the quark-scalar density ratio, Cj, is again relevant to not only the nucleon 
and vector mesons but also the hyperons: 

Cj{a) = l-ajXig^a), (170) 

where aj is a slope parameter for the hadron j. We list them in Table 6. We should note that the dependence 
of Qj on the hadron is quite weak, and it ranges around 8.6 ~ 9.5 x 10~^ (MeV~^). 

If we ignore the weak dependence of aj on the hadron and take ^j/n = 1 in Eq. (168), the effective hadron 
mass can be rewritten in a quite simple form: 
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a, (171) 



where a ~ 9.0 x 10"^ (MeV"^). This mass formula can reproduce the hadron masses in matter quite well over 
a wide range of ps, up to ^ 3po- (See also Eq. (135).) 

Since the scalar field is common to all hadrons, Eq. (171) leads to a new, simple scaling relationship among 
the hadron masses: 

' ' ^ - ' ^ ^ - ' * - and — - U (172) 



\6M^ J \6M^ J \SM^ J 3 J 3' 

where 5 Ad* = Mj — M* . The factors, | and ^, in Eq. (172) come from the ratio of the number of light quarks 
in the hadron j to that in the nucleon. This means that the hadron mass modification in nuclear medium (the 
scalar potential) is practically determined by only the number of light quarks, which feel the common scalar 
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field generated by the surrounding nucleons in medium, and the corresponding strength of the scalar field (see 
also section 3.3). 

Finally, we note recent experiments concerning the change of the in-medium meson masses. In an helicity 
analysis of subthreshold production on ^H, ^He and ^^C at low photo-production energies [42], the data 
support an in-medium modification of the invariant mass, with the result being consistent with the QMC 
model [42, 43]. Recently, the ELSA tagged photon facility [44] and KEK [45] have independently measured the 
in-medium uj meson mass. Using the Crystal Barrel/TAPS experiment at ELSA, the in-medium modification 
of uj meson was studied via the reaction ^ + A ^ uj + X ir^j + X', and a significant change toward lower 
masses for uj mesons produced on the Nb target was observed. For momenta less than 500 MeV/c, they 
concluded that the in-medium co mass was about 722 MeV at 0.6po- This is just the value predicted by QMC- 
II [19]. From the 12 GeV p + A reactions at KEK, it was found that the in-medium mass is reduced by about 
nT-Z/''^i^ ~ 1 — OA{pb/po), which is also consistent with the QMC model. 



3.1.2 Variations of quark and gluon condensates in nuclear matter 

The QCD ground state is highly non-trivial, and the strong condensates of scalar quark-antiquark pairs {qq) and 
gluon fields {G'^^G"'^'^) may play important roles in a wide range of low-energy hadronic phenomena [83, 84, 85]. 
Therefore, it is quite interesting to study the density dependence of the condensates in nuclear matter [86]. 
The vacuum values of the lowest-dimensional quark and gluon condensates are typically given by [84] 

Qo = {qq)o ~ -(225 ± 25MeV)^ (173) 

Go = {GI^G"-'"')q ~ (360 ± 20MeV)^ (174) 

Drukarev et al. [85], Cohen et al. [87] and Lutz et al. [88] have shown that the leading dependence on the 
nuclear density, pB, of the quark condensate in nuclear matter, Q{pb), is given by the model-independent form: 

— - ^ ~ -JT^PB, (175) 

where ctat is the pion-nucleon sigma term (empirically (Tat ~ 45 MeV [89]), m-,^ is the pion mass (138 MeV) 
and /tt ~ 93 MeV, the pion decay constant. Further, the strange quark content in the nucleon at finite density 
(and temperature) was studied in Ref. [90] using the Nambu-Jona-Lasinio (NJL) model, supplemented by 
an instanton induced interaction involving the in-medium quark condensates. The gluon condensate at finite 
density, G{pb), has also been discussed in Ref. [87]. 

We here consider the variations of quark and gluon condensates in nuclear matter within QMC-II (see also 
Refs. [13, 18, 19, 53, 54]). The total energy per nucleon is given by Eq. (161). The density-dependent quark 
condensate Q{pb) is formally derived by applying the Hellmann-Feynman theorem to the chiral-symmetry- 
breaking quark mass term of the total Hamiltonian. One finds the relation for the quark condensate in nuclear 
matter at the baryon density pB- 

mq{Q{pB) - Qo) = mq-^£{pB), (176) 

where £{pb) = Pb{E^°^ /A) (see Eq. (161)) and niq is the average, current quark mass of the u and d quarks. 
The resulting value for Q/Qq as a function of density is shown in Fig. 2 - dashed line. (We have chosen the 
quark mass to be niq = 5 MeV and the bag radius of the free nucleon Ri^ = 0.8 fm, but the result is quite 
insensitive to these choices.) 

Using Eq. (176), the Gell-Mann-Oakcs-Rcnncr relation and the explicit expression for the self-consistency 
condition of the a field in nuclear matter Eq. (162) lead to the following explicit relation for the ratio of Q{pb) 
to Qo: 

Q{pb) , 
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Figure 2: Quark condensate at finite density using parameter type B of QMC-II. The dasfied 
and dotted curves are respectively for the fuU calculation in symmetric nuclear matter and 
the linear approximation, Eq. (179). The solid curve is the result corrected by removing the 
spurious uj and p contributions. 



where pr = Pb/po ^'Hd fp = Pp/ps- Because iriq enters only in the combination iriq — g^a, which is generally 
regarded as the chiral-symmetry-brcaking term in nuclear medium, we were able to evaluate {dm%/dmq) in 
terms of the derivative of m* with respect to the applied scalar field a. 

In Eq. (177) we have followed the usual convention of identifying 3mgS'7v(0), which is the sigma commutator 
in the free MIT bag, as the experimental pion-nucleon sigma term, a^- It is well known that the meson cloud 
of the nuclcon (mainly the pions), as well as its strange quark content contribute significantly to o"^ [91]. 
However, because we are concerned primarily with the variation of Q in matter from its free value, Qq, it 
should be reasonable to replace ajv in Eq. (177) by its empirical value. (We note that the main variation of Q 
in medium is generated by the u mean-field.) 

Clearly, from Eq. (177), the leading dependence of the quark condensate on the density is given by the 
scalar field: 



One can easily show that Eq. (178) reduces to the model-independent result, Eq. (175), to leading order in the 
density, so that for small pr one has (for type B of QMC-II): 



This is shown as the dotted line in Fig. 2. 

Equation (177) also involves deviations of the quark-meson coupling constants with respect to niq. In 
principle, if one could derive these coupling constants from QCD, their dependence on niq would be given. 
Within the present model there is no reason to believe that the couplings should vary with ruq. This is especially 
so for the vector couplings since they involve conserved vector currents. On the other hand, we require that 
our model reproduces the correct saturation energy and density of nuclear matter whatever parameters are 
chosen for the free nucleon. As a consequence, the coupling constants depend on mq in a way that has nothing 




(178) 



Q{pb)/Qo ^ 1 - 0.357p^. 



(179) 
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to do with chiral symmetry breaking. (For example, for type B of QMC-II, we find g'^ = 4.891 — 0.005880mq + 
1.200 X lO^^m^, gl = 39.59 + 0.03828mg + 1.144 x lO-^m^ and gl = 66.3 - 0.02mg, with ruq in MeV.) 

In order to extract a physically meaningful result for Q/Qq we should therefore remove the spurious contri- 

butions associated with (M = a,p,uj) in Eq. (177). In fact, the variation of g^ with ruq is extremely small 
so we need only correct the lo and p contributions. The final, corrected result is shown as the solid line in Fig. 2. 
Even in MFA, our calculations show that the higher-order contributions in the nuclear density become very 
important and that they weaken the chiral symmetry restoration at high density. In QMC-II, the a field in 
nuclear matter is suppressed at high density (for example, ga<T ~ 200 (300) MeV at po (3po)) because the quark 
scalar density, Sn, decreases significantly as the density rises, as a result of the change in the quark structure 
of the bound nucleon (see section 3.1). Since the reduction of the quark condensate is mainly controlled by 
the scalar field, it is much smaller than in the simple, linear approximation, Eq. (179). From the difference 
between the solid and dashed curves we see that the correction for the dependence of the coupling constants 
on niq is significant and this should be born in mind in any phenomenological treatment. 

We should note here that, from extensive studies of chiral perturbation theory for nuclear matter, especially 
the work of Birse [92] , a reduction of the quark condensate from its vacuum value may not be enough to conclude 
that the chiral symmetry has been partially restored - in particular, if part of the change in {qq) arises from 
low-momentum pions. We note also that higher-order condensates may play an increasingly important role as 
the quark condensate tends to zero. 

Next let us consider the in-medium gluon condensate. Cohen et al. [87] also developed a model-independent 
prediction of the gluon condensate that is valid to first order in the nuclear density through an application 
of the trace anomaly and the Hcllmann Fcynman theorem. Following their approach, the ratio of the gluon 
condensate in nuclear matter G{pb) to that in vacuum Go is given by 

G{pb)/Go 1 - [S{pb) - 1mq{Q{pB) - Qo) - ms{Qs{pB) - Qso)] , (180) 

where rrig is the strange-quark mass and Qs{pb) (Qso) is the strange-quark condensate in nuclear matter (in 
vacuum) . Up to first order in the density, the change of the strange-quark condensate may be written in terms 
of the strange quark content of the nucleon in free space, S: 

ms{Qs{PB) - Qso) = SpB + 0{pI). (181) 

The strange quark content is commonly specified by the dimensionless quantity, y, defined by 

_ 2{ss)n 
{uu + ad) jv 

which leads to S = {m,s/2mq)aNy- Roughly speaking, y represents the probability to find s or s in the nucleon 
and is a measure of the OZI-rule violation. If nis/mq ~ 25 and y ~ 0.45 [87], we get S ~ 250 MeV. We note, 
however, that y ~ 0.45 is an extreme value. In the analysis below, we shall take care to examine the sensitivity 
to the full range of variation of y. 

At very low ps, £{pb) can be expanded as [17] 



£{Pb) = MjsipB 



^ (^^'V" 2/3 

^10M2, \ 2 I 



0{pI), (183) 



where the second term in the bracket is the non-relativistic Fermi-gas energy. Using the approximate form, 
g^a ~ 214 (MeV) xpr (for type B), we find 



2 



2mq{Q{pB) - Qo) = 214(MeV) x ajv ( — ) Pr + 0{pj). (184) 

Choosing the central value of Go in Eq. (174), we then get the in-medium gluon condensate at low ps (for type 
B): 

G{pb)/Gq = 1 - (0.03892pr + 0.001292^;'/^) + 0{pl). (185) 
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Figure 3: Gluon condensate at finite density using parameter type B. The solid and dotted 
curves arc respectively for the full calculation in symmetric nuclear matter and the approx- 
imation, Eq. (185). 



Our numerical results for the full calculation as well as the approximate calculation with Eq. (185) are 
shown in Fig. 3 (for ruq = 5 MeV and Rn = 0.8 fm). The reduction of the gluon condensate at finite density 
is not large; for example, it is reduced by only 4% at pQ. The approximation of Eq. (185) works very well for 
a wide range of the nuclear density, which may imply that the effect of higher-order contributions (in powers 
of the density) is small for the gluon condensate. However, one should keep in mind that the in-medium gluon 
condensate evaluated here contains a large uncertainty, originating from the uncertainty in the value for the 
strange quark content of the nucleon in free space. We note that if wc assume a vanishing strange quark content 
of the nucleon in free space (5 = or y = 0), the gluon condensate would be reduced by about 6% at pQ. 

Finally, we relate the quark condensate to the variation of the hadron mass in nuclear matter. In QMC-II, 
the hadron mass at low is simply given in terms of the scalar field (see Eq. (171)): 

M;c,Mj-^{g,a), (186) 

where j(= N, ijj,p,A, etc.). Since the quark condensate at low pb is also determined by the scalar field, we 
find a simple relation between the variations of the hadron mass and the quark condensate: 

- (^) it)'"- ^) - ™<-^-' ^ ^) • 

where SM* = Mj - M* . 

However, as shown in Ref. [92], we know that the nucleon mass in matter cannot depend in any simple 
way on the quark condensate alone because the leading non-analytic contribution (LNAC) to the pion-nucleon 
sigma term - the term of order - should not appear in the nucleon- nucleon interaction [93] . To discuss this 
problem further, we have to include pions self-consistently in the QMC model, which is a future study. 

We note that in Ref. [18] the effect of 6 meson on the quark condensates and a measure of isospin symmetry 
breaking in the in-medium quark condensates are also discussed in details. 
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3.1.3 Nuclear matter at finite temperature and neutron stars 



Song and Su extended the QMC model to include the effect of finite temperature [94], and applied the resulting 
EOS for nuclear matter to the liquid-gas phase transition. In their calculations, they simply added the thermal 
distribution functions for the nucleon and anti-nucleon to the energy-momentum expressions and the self- 
consistency condition. They found that the EOS at finite temperature is much softer than that in QHD and 
is comparable to that in the Zimanyi-Moszkowski model [62]. Furthermore, they have found that the critical 
temperature of the liquid- gas phase transition becomes lower in the QMC than in QHD. 

Panda et al. have also studied hot nuclear matter within the framework of the QMC model [95]. In their 
calculations, the possible single-particle quark and antiquark energies at finite temperature T are summed up in 
the bag energy. The quark (antiquark) energy in the orbit (n, k) (n specifies the number of nodes) is estimated 
as 

er = ^""±5>i?iV, (188) 

where 

Q«'' = (xL + i?^mf)i/2 (189) 

with m* = mq — g'^a. The eigenvalue x„k is given by the boundary condition at the bag surface. The total 
energy from the quarks and antiquarks then reads 



Etot - 3 ^ — 



^ 17"'' r 1 1 



(190) 



with /Xg the chemical potential for the quark. The bag energy now becomes 

Ebag = Etot — + -^RnE, (191) 

which reduces to the usual form at zero temperature. They also adopted the MQMC model to include the 
medium-dependent bag parameter: 

with as an additional parameter (see section 2.5). 

They have found that the scalar mean field at zero density attains a nonzero value at a temperature of 200 
MeV similar to the Walecka model calculations for nuclear matter [96] , which is indicative of a phase transition 
to a system with baryon-antibaryon pairs. There is a softening in the phase transition in this case as compared 
to the earlier calculations. This is because the thermal contributions from the quarks are dominant and lead 
to a rise of the effective nucleon mass with temperature. The nucleon bag shrinks in size with increasing 
temperature. The nucleon mass at finite temperature and zero baryon density is then appreciably different 
from that in vacuum. This approach has been applied to various nuclear and stellar problems: for example, 
rotating neutron stars in the Komatsu-Eriguchi-Hachisu method [97] and hybrid stars which consist of both 
hadron and quark matter [98]. Recently they have also studied kaon condensation in compact stars [99]. 

Zakout et al. have developed a QMC model at finite temperature in a similar manner. They have, however, 
included the effect of dilatons in their model [100]. Applying the effective potential with dilatons to nuclear 
matter, the nucleon properties at finite temperature are found to be appreciably different from those in cold 
nuclear matter. The dilaton potential improves the shape of the saturation curve at T = and significantly 
affects the properties of hot nuclear matter. Hot hypernuclear matter [101], neutron stars [102] and relativistic 
heavy iron reactions [103] have also been investigated in their approach. 



3.2 Finite nuclei - ^^o, ^OQa, ^SQa, '^'^Zr, ^ospb 

To describe a finite nucleus with different numbers of protons and neutrons (Z ^ N), it is necessary to 
include the contributions of the p meson explicitly. Any realistic treatment also needs the inclusion of Coulomb 
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force. The variation of the Lagrangian for QMC-I (see Eq. (122)) results in the following equations for static, 
spherically symmetric nuclei: 



(f 2d 

-r^b{r) H r&(r) - m^6(r) 

ar^ r dr ^ 



dr'^ r dr 



-9aCN{cr{r))ps{r) 

occ 

-5aC^(cT(r))^da(r)(|G„(r)|2 - |F„(r)|^ 

a 

-gwpB{r) 

occ 

-g^Y.dair)i\Ga{r)\' + \F^{r)f), 

a 

-^P3(r) 



(193) 



(194) 



OCC 

= -^E'^«W(-^-'/'(|Ga(r)P + |F„(r)p), (195) 



= -eppir) 

occ 1 

^ -eJ2da{r)ita + ^)(|Ga(r)p + \F^ir)\% 



(196) 



where (ia:(^) = (2ja + l)/47rr^ and 



d K 1 

■^Gc^ir) + -Ga{r) - [ea - gMr) - tagpKr) - {ta + ^)eA{r) + Mn 

- gaia{r))a{r)]Fair) = 0, 

d K 1 

—Fc,{r)--Fair) + [ea-gojUj{r)-tagpb{r) - {ta + -)eA{r) - Mn 

+ g^{a{r))a{r)]Ga{r) = 0. 



(197) 



(198) 



Here iGa{r)/r and ~Fa{r)/r are respectively the radial part of the upper and lower components of the solution 
to the Dirac equation for the nucleon (e^ being the energy) under the normalization condition: 



|dr(|G„(r)p + |Fjr)p) = l. 



(199) 



As usual, n specifies the angular quantum numbers and ta the eigenvalue of the isospin operator, /2. On {a) 
and 5(t(c) are practically given by Eqs. (115), (165) and (166), i.e.. 



1 - ^5af^(r-) 



ga{(y{r)) =ga 
The total energy of the system is then given by 

occ 2 /• 

Etot = + ^)^« ~ 9 / [-g<rCN(.cr(.r))a{r)psir) 

+ 9oji^ir)pB{r) + ^gpb{r)p3{r) + eA{r)pp{r)]. 
For the QMC-II model, the Lagrangian density, Eq. (128), leads 



(200) 



(201) 



dr"^ 



2 d 



bir) H rbir) — m* bir) 

r dr ^ 



= -9aCNPs{r) - mam*ga[aa - 26^5^cT(r)]c7(r) 

+ l9a[m*^r^/NCMrf + mlTp/NCpbirf], 

= -9u>PB{r), 

= -^Psir). 



(202) 
(203) 

(204) 
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Table 7: Model parameters for finite nuclei (QMC-I). 
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The photon field and nucleon wave functions are again given by Eqs. (196)-(198). Then, the total energy reads 

occ 

Etot = l](2ja + l)ea -t: dr [-gaD{a{r))a{r) 

+ 9uji^{r)pB{r) + ^9pb{r)p3(r) + eA(r)pp{r)], (205) 

where 



D{a{r)) = CNPs{r) + m^ml[a„ - 2b^g^a{r)]a{r) 

2 r 



(206) 



We are now in a position to show results for finite nuclei. We calculate the properties of ^^O, ^°Ca, ^®Ca, 
^°Zr and ^ospb. Firstly, we consider the QMCT model [52]. Equations (193) to (199) give a set of coupled non- 
linear differential equations, which may be solved by a standard iteration procedure. The numerical calculation 
was carried out by modifying the technique described by Horowitz et al. [78, 104]. The calculation is achieved 
in at most 20 iterations when it is performed with a maximum radius of 12 (15) fm on a mesh of 0.04 fm for 
medium mass (Pb) nuclei. 

There are seven parameters to be determined: g^^ g^j, gp, e, nia, rrico and nip. We first fix m^^, nip and 
e^/47r(= 1/137.036) to be the experimental values. The coupling constants g^ and g-^^ were fixed so as to 
produce the nuclear matter properties with = 550 MeV in section 3.1. The a meson mass, however, 
determines the range of the attractive interaction and changes in m<j affect the nuclear-surface slope and its 
thickness. Therefore, we adjust mg- to produce the root-mean-square (rms) charge radius of ^'^Ca: rchC^^Ca) 
= 3.48 fm, the experimental value [105]. We here notice that variations of niu at fixed (ga/iria) have no effect 
on the infinite nuclear matter properties. Therefore, keeping the ratio {ga/rrifj) constant we vary m^r to fit the 
rms charge radius of ^°Ca. We expect that ranges around 400 ^ 550 MeV [31, 106]. The last parameter gp 
is adjusted to yield the bulk symmetry energy per baryon of 35 MeV [78]. We summarize the parameters in 
Table 7. 

In Fig. 4, we show the baryon and scalar densities as well as the effective nucleon mass in ^°^Pb. We 
expect that the baryon density in the interior of lead would be close to the saturation density of infinite nuclear 
matter, po- As seen in the figure, the calculated baryon density at the center is quite close to 0.15 fm~^, which 

supports our choice of the parameters. 

Next we show the charge density distributions calculated, pch-, in comparison with those of QHD [17, 78] and 
the experimental data in Figs. 5—9. Having solved Eqs. (193)-(199), we obtain the pomi-proton and neutron 
densities in a nucleus. Thus, we should estimate the effect of proton form factor on the densities. (Note that 
our calculation shows the effect of neutron form factor is eventually small and ignored in the results.) One 
can calculate the charge density by a convolution of the point-proton density, Pp{r}, with the proton charge 
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Figure 4: Model predictions for the effective nucleon mass, the baryon and scalar densities 
in ^°^Pb (for rriq = 5 MeV and Rn — 0.8 fm). The scale on the right vertical axis is for 
M^f/MN (from Ref. [52].). 



distribution, f^f^{r)^■ 

Pch{r) = J dr' fP^^^ir- r')pp{r'), (207) 
where we have used a Gaussian form for 

(f,ni^ = {fi/^f'^eM-lir^)- (208) 

The parameter [3, which determines the proton size, is chosen so as to reproduce the experimental rms charge 
radius of the proton, 0.82 fm (i.e., {3 = 2.231 fm'^). In the QMC model, the rms radius of the nucleon in 
nuclear matter increases a little. However, since this amount is quite small, it can be ignored in the numerical 
calculations of nuclear parameters. 

In Fig. 6, the charge density distribution for ^'^Ca is presented. The experimental data is taken from 
Ref. [107]. Once the rms charge radius of ^'^Ca is fitted by adjusting m^, the QMC model can reproduce 
pch{^^Ga) quite well. As seen in the figures, the calculated charge densities lie almost within the experimental 
area. We note that the dependence of pchi^^Gs) on the bag radius is quite weak [52]. 

It is interesting to sec the quantum oscillations of the interior density in lead (see Fig. 8). This is probably 
a consequence of using a pure shell model, with no configuration mixing. The dependence of Pc/i(^''^Pb) on 
the quark mass is again not strong. We note that the dependence of pc/i(^°^Pb) on the free nucleon size is also 
quite weak [52]. As seen in the figures, our model gives charge densities very close to those of QHD and still 
somewhat larger in the central region than those observed experimentally [108]. 

In Figs. 5 and 7, we show respectively the charge density distributions for ^^O and ^'^Zr. For zirconium 
the calculated pch hes in between that of the non-relativistic density-dependent Hartree-Fock calculations [109] 
and that of QHD [78]. The experimental data for oxygen and zirconium are taken from Refs. [110] and [111]. 
(For both cases the dependence of pch on niq and Rn is again weak.) 

To see the isotope shift in charge density we have plotted times the difference between pchi^^Ga) and 
Pc/i(^^Ca) in Fig. 9. Its dependence on the bag radius is weak for a small quark mass while it becomes a little 
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Figure 5: Same as Fig. 6 but for ^^O (from Ref. [52]). 
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Figure 6: Charge density distribution for ^°Ca (for = 5 MeV and i?jv = 0.8 fm) compared 
with the experimental data (hatched area) and that of QHD (from Ref. [52]). 
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Figure 7: Same as Fig. 6 but for ^^Zr (from Ref. [52]). 
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Figure 8: Same as Fig. 6 but for ^ospb (from Ref. [52]). 
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Figure 9: Isotope shift between pch(^°Ca) and pc/i (^^Ca) compared with the experimental 
data and that of QHD (for = and 5 MeV with Rn = 0.8 fm) (from Ref. [52]). 



Table 8: Model parameters for finite nuclei for rrig = 5 McV and = 0.8 fm (QMC-II). 
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stronger for niq = 10 MeV [52]. The experimental data is taken from Ref. [112]. (Note that in this case we 
also checked that including the charge distribution of the neutron had a small effect.) 

In Figs. 10—12, we present the point-neutron density distributions, pn, in calcium and lead. For ^^Ca, 
since the dependence of pn on triq and Rn is again fairly weak, only the result for mq = 5 McV and = 
0.8 fm is shown, together with the empirical fit [113] to proton scattering data. Wc again find reasonable 
agreement with the data. For the isotope shift of /3^(^^Ca)— /9n(*^'^Ca), the calculated difference is closer to 
those of non-relativistic results than to those of QHD. The neutron density distribution in lead is shown in 
Fig. 12. Its behavior is again similar to that of QHD. 

Next, let us show several numerical results for finite nuclei in the QMC-II model [19]. A set of coupled, 
nonlinear equations for the nucleon and meson fields are already obtained. The coupling constants g^, and 
gp were fixed to describe the nuclear matter properties and the bulk symmetry energy per baryon of 35 MeV 
(see Table 5). Since the a mass however determines the range of the attractive interaction, the nuclear-surface 
slope and its thickness, as in the QMC-I model, we again adjust rria to fit the measured rms charge radius of 
^°Ca, rc/i(^°Ca) = 3.48 fm [105]. (Notice that variations of rria at fixed {ga/rria) again have no effect on the 
infinite nuclear matter properties.) We summarize the parameters in Table 8. 

We show the charge density distributions calculated, p^h, of ^°Ca and 208p|-, comparison with those of the 
experimental data in Figs. 13 and 14. As in the QMC-I model, wc have used the convolution of the point-proton 
density with the proton charge distribution to calculate the charge distribution. For ^'^Ca the QMC-II model 
with parameter sets A and B give similar charge distributions to those in QMC-I, while the result of QMC-II 
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Figure 10: Point-neutron density distribution in ^°Ca (for rriq = 5 MeV and — 0.8 fm) 
compared with that of QHD and the empirical fit (from Ref. [52]). 




Figure 11: Difference between p„("'^Ca) and p„(^°Ca) compared with that of QHD and the 
empirical fit (for ruq = 5 and Rn = 0.8 fm) (from Ref. [52]). 
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Figure 12: Same as Fig. 10 but for ^ospb (from Ref. [52]). 




Figure 13: Charge density distribution for ^°Ca (QMC-II) compared with the experimental 
data [107] (from Ref. [19]). 
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Figure 14: Same as Fig. 13 but for ^°^Pb. The parameter set B is used. The experimental 
data are taken from Ref. [108] (from Ref. [19]). 



Table 9: Binding energy per nucleon Eb/A (in MeV), rms charge radius Vch (in fm) and 
difference between r„ and (in fm). = 5 MeV and it!jv = 0.8 fm. (* fit) 
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0.26 


0.27 


0.16±0.05 



with parameter set C is closer to that in QHD. From Fig. 14, we see that the present model also yields a charge 
distribution for 208 pj-, ^1^^^]^ similar to those calculated using QMC-I or QHD. 

In Figs. 15 and 16, we present the changes of the nucleon, a, oo and hyperon (A, S and H) masses in ^°Ca. 
Because the interior density of ^^Ca is higher than po; the effective hadron masses at the center become quite 
small. Using the local-density approximation and Eq. (171), the QMC-II model allows us to calculate the 
changes of the hyperon (A, S and H) masses in a nucleus. Our quantitative calculations for the changes of the 
hyperon masses in finite nuclei may be quite important in forthcoming experiments concerning hypernuclei. 

Table 9 gives a summary of the calculated binding energy per nucleon (Eb/A), rms charge radii and the 
difference between nuclear rms radii for neutrons and protons (rn — rp) for several closcd-shcU nuclei. Since 
the calculated properties do not depend strongly on niq and Rn, we only list the values for the QMC-I and 
QMC-II models with niq = 5 MeV and Rn = 0.8 fm. References for the experimental values can be found in 
Ref. [78]. While there are still some discrepancies between the results and data, the present models provide 
quite reasonable results. We note that the QMC model gives much larger binding energies (larger absolute 
values) per nucleon than those of QHD while still reproducing the rms charge radii for medium and heavy 
nuclei quite well. 
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Figure 15: Changes of the nucleoli, o and cu meson masses in '^'^Ca. The nuclear baryon 
density is also illustrated (solid curve). The right (left) scale is for the effective mass (the 
baryon density). The parameter set B is used (from Ref. [19]). 
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Figure 16: Same as Fig. 15 but for the hyperon (A, E and 5) masses in ^'^Ca (from Ref. [19]). 
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Table 10: Calculated proton and neutron spectra of ^°Ca for QMC-I and QMC-II (type B) 
compared with the experimental data. We choose niq — 5 MeV and Rn — 0.8 fm. All 
energies are in MeV. 
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In Table 10, the calculated spectrum of °Ca is presented. In Fig. 17, for example, the spectra of ^^^Pb 
calculated by the QMC-I is presented. Because of the relatively smaller scalar and vector fields in the present 
model than in QHD or RMF models, the spin-orbit splittings are smaller. The improvement over QHD in the 
binding energy per nucleon comes at the expense of a reduction in the spin-orbit force. We should note that 
there is a strong correlation between the effective nucleon mass and the spin-orbit force. 

As a test of the sensitivity of the spin-orbit splitting to features of the model, we consider the case of a 
larger quark mass. For example, we have calculated the case niq = 300 MeV (and Rn = 0.8 fm) which is 
a typical constituent quark mass. The calculated spectrum for niq = 300 MeV is also illustrated in Fig. 17 
(QMCH). In this case, the various parameters were gl/^TT = 5.58, g'^/^TT = 8.51 (to satisfy the saturation 
condition), g'j,/4'n: = 6.45, rua = 497 MeV (to fit the rms charge radius of ^°Ca), K = 334 MeV and = 674 
MeV at saturation density. We should record that the bag radius in this case increases by 7% at saturation 
density (which is relatively large). The slope parameter in Eq. (165) is a = 3.9 x lO^'^. One can expect that a 
heavy quark mass gives a spectrum closer to those of QHD, because the effective nucleon mass is smaller than 
the value in case of the light quark mass. We can see from the figure that the calculated spectrum is somewhat 
closer to the experimental data. We note that the charge density distributions for ^'^Ca and ^°^Pb are also 
reproduced well in this case. 

The problem concerning the spin-orbit force in the QMC model has also been studied in Refs. [31, 64]. This 
relatively small spin-orbit splittings may be somewhat recovered by including the exchange contributions (Fock 
terms) [51]. Alternative is the MQMC model [23, 64, 65, 66], in which we can get a small effective nucleon mass 
varying the bag constant in matter (see section 2.5) and produce large spin-orbit splittings correspondingly. In 
next section, we will again study the spin-orbit force in exotic nuclei in detail. 

Recent RMF models (for example, see Refs. [63, 114]) are very successful to reproduce single-particle energy 
spectra of various nuclei (including spin-orbit splittings), because of several parameters for the nonlinear self- 
interaction terms. Furthermore, the density-dependent relativistic hadron field (DDRH) model [50] is attractive 
(see also Ref. [115]), because such an approach is also successful and thought to be related to the underlying 
microscopic description of nuclear interactions. However, we should emphasize that the idea of the QMC model 
is completely different from those density-dependent nuclear models, and that the vertices in QMC depend on 
the scalar field in matter, and this is caused by the substructure of nucleon. 



3.3 Strange, charm and bottom hadrons in nucleus 

In this section, we start from the mean-field Lagrangian density for strange, charm and bottom hypernuclei, 
and study first the properties of these hadrons in nuclear medium. Then, we study the properties of various 
hypernuclei with strange, charm and bottom hyperons. 
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Figure 17: Energy spectrum for 208p]^ predicted by QMC-I. QMC(H) denotes the case for 



5(300) MeV and Rn = 0.8 fm. 



3.3.1 Strange, charm, and bottom hadron properties in nuclear matter 

Until recently, theoretical studies of hadron properties in a nuclear medium have been restricted to just a 
few approaches, such as QCD sum rules and QHD-type relativistic mean-field models. For strange hadrons 
including the possible 0"*" pentaquark (in QMC [116]), some studies [117, 118, 119] were made using QCD sum 
rules. A similar story holds for heavy baryons with charm and bottom quarks in nuclear medium, where some 
studies for J/^ [120, 121, 122] and D{D) [123] were also made using QCD sum rules. 

Next we turn to the study of the properties of hadrons in symmetric nuclear matter using the QMC (QMC- 
I) model. One of the advantages of the QMC model is that it can treat various hadrons in nuclear medium in 
a simple, systematic manner based on SU(6) quark model as long as the hadrons contain light quarks. One 
simply uses the same coupling constants between the light quarks and the isoscalar-scalar (cr), isoscalar- vector 
(w) and isovector-vector (p) fields. One does not need to introduce new coupling constants which depend on 
the hadron species in the QMC model. 

To study first the properties of strange, charm, and bottom hadrons in symmetric nuclear matter, we start 
from a mean-field Lagrangian density for the corresponding hypernuclei [124, 125, 126]. We assume that the 
hypernuclei are static and spherically symmetric. Practically, we treat a hypernucleus as a closed shell nuclear 
core plus one strange, charm or bottom baryon (A, S, H, Ag, Sci Ab), ignoring the effects of non-sphericity 
due to the embedded baryon. (Hereafter we will refer each of these baryons as simply the "hyperon".) The 
existence of such a hyperon inside or outside of the nuclear core, in particular, a very heavy hyperon A5, will 
break spherical symmetry and one should include this effect in a truly rigorous treatment. We neglected it in 
this introductory study because the effect is expected to be small for spectroscopic calculations for medium 
to large baryon number hypernuclei [127, 128]. However, we include the response of the nuclear core arising 
from the self-consistent calculation for the hypernucleus, which is a purely relativistic effect [128, 129]. (For 
the system of infinitely large (symmetric) nuclear matter, one can safely ignore the effect of the presence of 
such a hyperon.) Furthermore, we adopt the mean- field approximation in the same way that it was applied for 
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the normal nuclei studied in section 3.2. Thus, we ignore also the pNN tensor coupling below. 
A relativistic Lagrangian density for hypernuclei in the QMC model is given by [124, 125, 126]: 



^QMC 
^QMC 



^QMC + ^QMC 



(209) 



ij-d-M*^{a) 



1, 



{gMf^+9p^^b{r) + |(1 + r3^)^(r-))7o 
1, 



-[(Va(r))^ + mia{r)'] + -[(Va;(f))^ + miuir) 



'"QMC 



+:^[mr)r+mjb{rr] + -(VA(r)) 

"i7.a-M^(a)-(5Xr 
A,E'''±,hO'+,A+,eO 



2 



2' 

1 

2' 

Y 



+ gjljbir) + eQyA(f) )7o] tprir), 
hO'+,A,), 



(210) 



(211) 



where V'Aft^) ^^i^d V'y £^re respectively the nucleon and the hyperon (strange, charm or bottom baryon) fields. 
Other notations are given in section 2.2.1. 

In an approximation where the a, u and p fields couple only to the u and d light quarks, the coupling 
constants for the hyperon, are obtained as = {nq/3)g^, and gj = gp = g'^, with Uq being the total number 
of valence light quarks in the hyperon Y. ij^ and Qy are the third component of the hyperon isospin operator 
and its electric charge in units of the proton charge, e, respectively. The field dependent a-N and a-Y coupling 
strengths, ga{(^) = g^ i^) and g^{a), appearing in Eqs. (210) and (211), are defined by 



M^(cj) = 



Mn 
My 



■ g„{a)a{r) 
gl{a)a{r) 



(212) 
(213) 



where (My) is the free nucleon (hyperon) mass (see also Eq. (115)). Note that the dependence of these 
coupling strengths on the applied scalar field must be calculated self-consistently within the quark model [10, 
13, 30, 52, 124]. Hence, unlike QHD [17], even though g^ {a)/ga{(T) may be 2/3 or 1/3 depending on the number 
of light quarks in the hyperon in free space, a = (even this is true only when their bag radii in free space are 
exactly the same), this will not necessarily be the case in a nuclear medium. 

In the following, we consider the limit of infinitely large, uniform (symmetric) nuclear matter, where all 
scalar and vector fields become constant. In this limit, we can treat any single hadron (denoted by h) embedded 
in the nuclear medium in the same way as for a hyperon. One simply may replace jC^mc ^'i- i^^^) 
corresponding Lagrangian density for the hadron h. 

The Dirac equations for the quarks and antiquarks {q = u oi d, and Q = s,c oi b, hereafter) in the bag of 
hadron h in nuclear matter at the position x = {t,r) are given by [130, 131]: 



^7 • 5x - (m, - V^) T 7° 
(m,-y,^)^7° 




0, 



(214) 



0, 
0, 



(jrj < bag radius). 



(215) 
(216) 



^ i'dix) J 

[i-f ■ dx - mq] iPq{x) (or tl^{x)) 

where we neglect the Coulomb force, and assume SU(2) symmetry for the light quarks {q = u = d). The 
constant mean-field potentials in nuclear matter are defined by, VJ = g^u and = g'^b, with g^, g^ and g^ 
the corresponding quark-meson coupling constants. 

The normalized, static solution for the ground state quarks or antiquarks with flavor / in the hadron h, may 
be written, i^fix) = Nfe~'^'^f*^^h'^f(f), where Nf and "0/(0 are the normalization factor and corresponding 
spin and spatial part of the wave function. The bag radius in medium for a hadron /i, i?^, is determined 
through the stability condition for the mass of the hadron against the variation of the bag radius [10, 13, 30]. 
The eigenenergies in units of l/-R/j are given by, 





2 P 



(217) 
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Table 11: Current quark masses (input), coupling constants and the bag constant. 





MpV 


Ha 




rus 


250 MeV 


9l 


2.72 


rric 


1300 MeV 


9l 


9.33 


rrib 


4200 MeV 




170 MeV 



The hadron masses in a nuclear medium (free mass mh), are calculated by 

^ njn* - Zh 4 „ dml 



^ = 0, (218) 



where = = [.t^ + (i?,*m*)2]i/2^ ^jth = m,-<7>, = = [^2, + {Rlm,QfY'\ and a;,,Q being 
the lowest bag eigenfrequencies. nq{nq) and nQ{nQ) are the quark (antiquark) numbers for the quark flavors 
q and Q, respectively. The MIT bag quantities, Zh, B, Xq^Q, and mq^Q are the parameters for the sum of the 
cm. and gluon fluctuation effects, bag constant, lowest eigenvalues for the quarks q or Q, respectively, and the 
corresponding current quark masses, zjv and B (zh) arc fixed by fitting the nucleon (the hadron) mass in free 
space. For the current quark masses we use (m^ m^, mc, mf,) = (5,250,1300,4200) MeV, where the values 
for nic and nih are the averaged values from Refs. [132] and [133], respectively, and these values were used in 
Refs. [125, 126]. Then, we obtain the bag constant B = (170 MeV)^. The quark-meson coupling constants, 
which arc determined so as to reproduce the saturation properties of symmetric nuclear matter are, (g^, 9^, dp) 
= (5.69,2.72,9.33), where = = Sg'^SwiO) = 3 x 5.69 x 0.483 = 8.23 [52]. These are summarized in 
Table 11. (See also Eq. (Ill) and section 3.1.) The parameters Zh, and the bag radii Rh for various hadrons 
in free space, and some quantities calculated at normal nuclear mater density po = 0-15 fm"^ are listed in 
Table 12, together with the free space masses [132, 133, 134, 135]. 

However, in studies of the kaon system, we found that it was necessary to increase the strength of the 
vector coupling to the light quarks in the (by a factor of 1.4^, i.e., g]^^ = 1.4pg^) in order to reproduce 
the empirically extracted iC+-nucleus interaction [130]. This may be related to the fact that kaon is a pseudo- 
Goldstone boson, where treatment of the Goldstone bosons in a naive quark model is usually unsatisfactory. 
We also assume this, g-^j 1.4^(7^, for the D, D [131] and B and B mesons to obtain an upper limit on the 
corresponding binding. The scalar (V^) and vector (V"^'^) potentials felt by the hadrons h, in nuclear matter 
are given by, 

F,'^ = ml-mh, (219) 
V,^ = (n, - n,-)Fj + I3V;, {Vj^V^^lA^VjfovK,K,D,D,B,B), (220) 

~ 41.8 X {nq - riq) ( —] + 42.4 x ( —] (MeV) with po = 0.15 (fm'^), (221) 
\PoJ \poJ 

where J3 is the third component of isospin projection of the hadron h, and pB = Pp + Pn (Pa = Pp — Pn) 
the baryon (isovector baryon) density with pp and p„ being the proton and neutron densities, respectively. 
Thus, the vector potential felt by a heavy baryon with charm and bottom quarks, is equal to that of the 
strange hyperon with the same light quark configuration in QMC. (See also section 3.1.1 concerning the scalar 
potential.) 

In Figs. 18 and 19 we show ratios of effective masses (free masses + scalar potentials) versus those of the 

free particles, for mesons and baryons, respectively. With increasing density the ratios decrease as expected, 
but this decrease in magnitude is, from larger to smaller: hadrons with only light quarks, with one strange 
quark, with one charm quark, and with one bottom quark. This is because their masses in free space are in 
the order from light to heavy. Thus, the net ratios for the decrease in masses (developing of scalar masses) 
compared to that of the free masses becomes smaller. This may be regarded as a measure of the role of light 
quarks in each hadron system in nuclear matter, in the sense of how much they contribute a partial restoration 
of chiral symmetry in the hadron. In Fig. 18 one can notice a somewhat anomalous behavior of the ratio for 
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Table 12: The bag parameters, various hadron masses and the bag radii in free space [at 
normal nuclear matter density, po = 0.15 fm~^] Zh, Rii and Mh [M^ and R^]. Mh and 
Rn = 0.8 fm in free space are inputs. Note that the quantities for the physical uj, (p, t] and rj' 
are calculated including the octet-singlet mixing effect, and that u and p below are standing 
for the physical particles and are different from those appearing in the Lagrangian density 
of QMC. (See section 3.4 for details.) 



h 


Zh 


Mh (MeV) 


Rh (fm) 


Ml (MeV) 


Rl (fm) 


N 


3.295 


939.0 


0.800 


754.5 


0.786 


A 


3.131 


1115.7 


0.806 


992.7 


0.803 


E 


2.810 


1193.1 


0.827 


1070.4 


0.824 




2.860 


1318.1 


0.820 


1256.7 


0.818 


Ac 


1.766 


2284.9 


0.846 


2162.5 


0.843 




1.033 


2452.0 


0.885 


2330.2 


0.882 




1.564 


2469.1 


0.853 


2408.0 


0.851 


Ab 


-0.643 


5624.0 


0.930 


5502.9 


0.928 


LO 


1.866 


781.9 


0.753 


658.7 


0.749 


P 


1.907 


770.0 


0.749 


646.2 


0.746 


K 


3.295 


493.7 


0.574 


430.4 


0.572 


K* 


1.949 


893.9 


0.740 


831.9 


0.738 


7] 


3.131 


547.5 


0.603 


483.9 


0.600 


v' 


1.711 


957.8 


0.760 


896.5 


0.758 




1.979 


1019.4 


0.732 


1018.9 


0.732 


D 


1.389 


1866.9 


0.731 


1804.9 


0.730 


D* 


0.849 


2000.8 


0.774 


1946.7 


0.772 


B 


-1.136 


5279.2 


0.854 


5218.1 


0.852 
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Pb/Po 

Figure 18: Effective mass ratios for mesons in symmetric nuclear matter (po = 0.15 fm~'^). 
uj and p stand for pliysical mesons wliicli are treated in tlie quark model, and should not be 
confused with the fields appearing in the QMC model (from Ref. [125]). 




Pb/Po 

Figure 19: Effective mass ratios for baryons in symmetric nuclear matter, (from Ref. [125]). 
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Pb/Po Pb/Po Pb/Po 

Figure 20: Scalar potentials for various hadrons in symmetric nuclear matter, (from 
Ref. [125]). 



the kaon {K) mass, which is related to what we meant by its pseudo-Goldstone boson nature - i.e., its mass in 
free space is relatively light, mx — 495 MeV, and the relative reduction in its mass in- medium is large. 

Perhaps it is much more quantitative and direct to compare the scalar potentials (see Eq. (219)) felt by 
each hadron in nuclear matter, with the calculated results shown in Fig. 20. These results confirm that the 
scalar potential felt by the hadron /i, V^, follows a simple light quark number scaling rule: 



Vl^ - (^4^) = - (^^) 5M*^ = - (!^) (M^ - Mi^), (222) 

where Uq [nq) is the number of light quarks (antiquarks) in hadron h and is the scalar potential felt by the 
nucleon (see Eq. (219)). This scaling formula for hadrons in nuclear matter is already discussed in section 3.1.1. 
It is interesting to notice that, the baryons with charm or bottom quarks (He has the quark configuration, qsc), 
show very similar features to those of the hyperons with one or two strange quarks. Then, we can expect 
that the hyperons with charm or bottom quarks, will also form charmed (bottom) hypernuclei as the strange 
hyperons do. (See Eq. (220), and recall that the repulsive vector potentials are the same for the corresponding 
strange hyperons with the same light quark configurations.) 

In addition, as we discuss later (in section 3.4) in detail, the B~ meson will also certainly form meson- 
nucleus bound states, because it has the valence structure uh and feels a strong attractive vector potential in 
addition to the attractive Coulomb force. This makes it much easier to bind in a nucleus compared to the 

[131], which is cu and is blind to the Coulomb force. This reminds us of a situation of the kaonic {K {us)) 
atom [136, 137]. A study of B~{ub) atoms would be a fruitful experimental program. Such atoms will have the 
meson much closer to the nucleus and will thus probe even smaller changes in the nuclear density. This will 
provide complementary information to that given by Z)~(c(i)-nucleus bound states, which give information on 
the vector potential in a nucleus [131] - again, see section 3.4. 
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Table 13: The slope parameters, aj {j — N, A, E, S, Ec, S^, A^). See also Table 6. 





XiU MeV 
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3.3.2 Mean-field equations of motion for strange, charm, and bottom hypernuclei 

Next we consider the predictions for strange, charm and bottom hypernuclei. The Lagrangian density Eq. (209) 
leads to a set of equations of motion for the hypernuclear system: 

[ij-d- M^(a) - {gMf^ + gp^Kf) + |(1 + Ti')A{r) )7o]V'iv(rl = 0, (223) 

[ij-d- Mp{a) - ( g^coir) + gpI^Kr) + eQyA{r) )7o]V'y (0 = 0, (224) 

'dM^{a) 



(- + m^)a(f) 



da 



Ps{r) 



Pj(r), 



da 

= gaYN{a)ps{^ + 5^Cy (a)pr (225) 

{-Vl + ml)Lo{r) = g^pB{f^ + glp\{f), (226) 

(_V2 + ,nl)h{f) = ^p^{r) + gplpli^, (227) 

{-Vl)A{r) = epp{f) + eQyp^(r), (228) 

where, Ps{r) (p^(r^), pB{r) {pB{r)), Psir) and Pp{f) are the scalar, baryon, third component of isovector, 
and proton densities at position r in the hypernucleus [30, 52, 124]. On the right hand side of Eq. (225), 
-[dM*^{a)/da] = gaCNia) and -[dM^{a)/da] = g^Cyia), where g^ = g^ia = 0) and g^ = g^ {a = 0), are 
new, characteristic features of QMC. At the hadronic level, the entire information on the quark dynamics is 
condensed into the effective couplings C7v,y(<7) of Eq. (225) (see section 2.2). Furthermore, when CNxi'^) ~ 1' 
which corresponds to a structureless nucleon or hyperon, the equations of motion given by Eqs. (223)-(228) 
can be identified with those derived from QHD [138, 139, 140], except for the terms arising from the tensor 
coupling and the non-linear scalar and/or vector field interactions, introduced beyond the naive QHD. 

The explicit expressions for coupled differential equations to obtain various fields and hyperon and nucleon 
wave functions can be obtained [124] in a similar manner to those obtained for finite nuclei (see section 3.2), 
except for the additional modifications due to the embedded hyperon. It has been found that the function 
Cj{a){j = AT, A, S, S, Ac, Sc, Sc, Ab) can be parameterized as a linear form in the a field, g^a, for practical 
calculations [30, 52, 124, 126]: 

Cj{a) = l-ajX {g^a), {j = N, A, S, E, A^, S^, S^, A;,). (229) 

The values obtained for aj are listed in Table 13. (See also section 3.1.1 for some of the values calculated 
in QMC-II.) This parameterization works very well up to about three times normal nuclear matter density 
Pb — 3po- Then, the effective masses for the baryon, j, in nuclear matter are well approximated by [30, 52, 124]: 
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a, (j = A^,A,S,S,Ae,Se,Se,A6), (230) 



with Uq being the number of light quarks in the baryon j (see Eq. (219) and section 3.1.1). The field strength, 
g^a, versus baryon density can be found in Ref. [30]. 

3.3.3 Spin-orbit potential in the QMC model - strange hypernuclei 

Here, wc focus on the spin-orbit potential for a hyperon in the QMC model, where the internal structure of the 
hyperon gives one of the characteristic features not present in QHD-type models. As an illustrative example, 
we first discuss the spin-orbit potential for the A. 
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The origin of the spin orbit force for a composite nucleon moving through scalar and vector fields which 
vary with position was explained in section 2.1.4. The situation for the A is different in that, in an SU(6) quark 
model, the u and d quarks are coupled to spin zero, so that the spin of the A is carried by the s quark. As 
the (7-meson in QMC is viewed as a convenient parameterization of two-pion-exchange and the lu and p are 
non-strange, it seems reasonable to assume that the a, u and p mesons couple only to the u and d quarks. 
The direct contributions to the spin-orbit interaction from these mesons then vanish due to the flavor-spin 
structure. Thus, the spin-orbit interaction, VgQ {r)S ■ L, at the position r for the A in a hypernucleus arises 
entirely from Thomas precession: 



VtXr)S . L = --^A X -f • 5 = -;TT7J27I^Z X:[^a(0 + dMr)] ] S ■ L, (231) 



2^^^ dt 2Mf{r)r \dr^ 

where, i;A = pa/M^, is the velocity of the A in the rest frame of the A hypernucleus, and the acceleration, 
dv\/dt, is obtained from the Hamilton equations of motion applied to the leading order Hamiltonian, as 
explained in section 2.1.4. Because the contributions from the effective mass of the A, M^(r), and the vector 
potential, g^Lo{r), are approximately equal and opposite in sign, we quite naturally expect a very small spin- 
orbit interaction for the A in a hypernucleus. (See section 3.2 for the spin-orbit splittings in normal nuclei.) 
Although the spin-orbit splittings for the nucleon calculated in QMC arc already somewhat smaller than those 
calculated in QHD [17], we can expect much smaller spin-orbit splittings for the A in QMC. In order to include 
the spin-orbit potential of Eq. (231) approximately correctly, we added perturbatively the correction due to the 
vector potential, — 2M*%> S-L,to the single-particle energies for the specified shell state obtained 

with the Dirac equation Eq. (224), by evaluating it with the corresponding shell-state wave function obtained 
for the A. (See also section 3.2.) This is necessary because the Dirac equation corresponding to Eq. (224) leads 
to a spin-orbit force which does not correspond to the underlying quark model, namely: 

This correction to the spin-orbit force, which appears naturally in the QMC model, may also be modeled at the 
hadronic level of the Dirac equation by adding a tensor interaction, motivated by the quark model [141, 142]. In 
addition, one boson exchange model with underlying approximate SU(3) symmetry in strong interactions, also 
leads to weaker spin-orbit forces for the (strange) hypcron-nucleon (YN) than that for the nucleon- nucleon 
(NN) [143]. The very weak spin-orbit interaction for A hypernuclei, which had been phenomenologically 
suggested by Bouyssy and Hiifner [144], was first explained by Brockman and Weise [145] in a relativistic 
Hartree model, and directly confirmed later by experiment [146] . 

In the QMC model, the general expression for the spin-orbit potential felt by the nucleon or hyperon, j 
{j = N,A,Ti,'E), may be expressed as [124] (see also section 2.1.5) 



VL{r)S-L 

with 



-1 



2Mf{r)r 



Ai + (Gj - 6i^^/.,7?,(r))Ai + (GJ - ^i^V„r?,(r))A^, 



S-L, (233) 



K = iM;{r), Ai = i-Q),^,(,) = A5 = i-5Mr), = i-,,6(r), (234) 
G| = (j| E l(i)|j>, G] = {j\ E ^rsim, (235) 

i=u,d i=u,d 
j^s _ {j\^i=u.dl(^ii)\j) _ {j\Ei=u,dk^(^lM^}\j) 

1 1 I*M*(r) 

f^s = 3M^/o=5^., vAr) = ^j^, (237) 

Rn 4nN + 2mgRN-3 R* 40;(a) + 2m;(a)i?* - 3 

° 3 2nN{^N-l) + mgRN' ^ 3 2n*{a)in*{a)-l)+m*{a)R*' ^ ' 
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Here r is the position of the baryon j in the hypernucleus (nucleus), and the terms proportional to fig and fi^ 
are the anomalous contributions from the light quarks due to the finite size of the hyperon (nucleon) . They are 
related to the magnetic moments of the proton, fj,p, and the neutron, fj,n, as fj,s = iJ,p + Hn and Hv = fJ-p — fJ-n, 
with the experimental values, Hp = 2.79 and = —1.91 (in nuclear magnetons). Note that fig and n^, together 
with the quantities Iq and /| of Eq. (238), are calculated self-consistently in the QMC model. In addition, 
recall that the in-medium bag radius, R*, and the lowest bag eigenenergy for the light quarks, fl*/Rj, depend 
on j {j = N, A, S, S, Ac, ^b) (see Table 12). The explicit expressions for the spin-orbit potentials for the 

octet baryons in the QMC model are given by: 



VF.oXr) 



2M^{r)r . 
-1 

-1 

2Mf (r)r 

-1 
2M*2(r)r 

-1 
2M^^(r)r 
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-1 

2M^^{r)r _ 

-1 
2M^{r)r 



A'^ + 3(1 - 2i2sriNir))A'^ + -(1 - 2//^??^(r))A^ 
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-I- 2A^ 
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Af + (1 + 2^,r?s(r))Af + ^(1 + ^//„77s(r))Ap 
Af + (1 + 2/x,r?s(r))AS - ^(1 + ^Hvrm{r))Ap 



(239) 
(240) 
(241) 
(242) 
(243) 
(244) 
(245) 
(246) 



The spin-orbit potentials for Ac, Sci and A;, can be obtained in a similar way. However, because of the 
heavier (effective) masses for them and because the contribution from the a and u> fields for the the spin-orbit 
potentials are very similar in magnitude to those for the strange hyperons, we expect that the contribution of 
the spin-orbit potential for charm and bottom hypernuclei should be negligible. 



3.3.4 Pauli blocking and channel coupling effects 

Next, we discuss the effects of Pauli blocking at the quark level, as well as the channel coupling. For the 
numerical results, these effects are included in the self-consistent calculation. When a hyperon sits in an orbital 
with the same quantum numbers as one already occupied by nucleons we need to include the effect of Pauli 
blocking at the quark level. Furthermore, there is an additional correction associated with the channel coupling, 
T,N — AN. These effects will be included in specific ways at the hadronic level. More consistent treatments at 
the quark level have not yet been studied within the QMC model. 

First, we consider the Pauli blocking effect. It seems natural to assume that this effect works repulsively in 
a way that the strength is proportional to the light quark baryonic (number) density of the core nucleons. One 
might then expect that the light quarks in the hyperon should feel a stronger repulsion at the position where 
the baryon density is large. As a consequence, the wave function of the hyperon (quark) will be suppressed in 
this region. Therefore, we assume that the Pauli blocking effect is simply proportional to the baryonic density. 
Then, the Dirac equation for the hyperon Y, Eq. (224), is modified by 

[i^-d- Mp{a) - ( AypB(r) + g^coir) + gpljbir) + eQy^(r) )7o]^y (^ = 0, (247) 

where, pBif) is the baryonic density at the position fin the hypernucleus due to the core nucleons, and Ay is 
a constant to be determined empirically. In the present treatment, we chose this constant Ay for y = A, in 
order to reproduce the empirical single-particle energy for the lsi/2 state in ^'^^Pb, -27.0 MeV [147]. 

One might also imagine that this fitted value includes the attractive AA'^ T,N channel coupling effect 
for the A single-particle energies, because the value fitted is the experimentally observed one. However, for 



57 



E hypernuclci, the repulsive UN AN channel coupling effect must be included in addition to this effective 
Pauli blocking, in a way to reproduce the relative repulsive energy shift in the single-particle energies for the E. 
The fitted value for the constant Aa is Aa = 60.25 MeV (fm)^. Then for the S and S hypernuclei, we take the 
constants, Xt,,e, corresponding to the effective Pauli blocking effect as, As = Aa, and As = ^Aa, by counting 
the total number of u and d quarks in these hyperons. 

Next, we consider the channel coupling (strong conversion) effect additional to the Pauli blocking at the 
quark level. It is expected that the channel couplings, SAT — AN and EN — AA, generally exist in hypernuclei, 
with the former considered to be especially important [148, 149]. We consider first the 'EN — AN channel 
coupling. We estimate this effect using the Nijmegen potential [150] as follows. Including solely the effective 
Pauli blocking potential, Xspsif) (Ae = Aa = 60.25 MeV (fm)-^), we obtain the lsi/2 single-particle energy 
for in fogPb, -26.9 MeV (~ - 27.0 MeV of observed value). This value does not contain entirely the effect of 
the correct channel coupling to the A. On the other hand, in a conventional first-order Brueckner calculation 
based on the standard choice of the single-particle potentials (cf. Ref. [151] for details) the binding energy for 
the S in nuclear matter with the Nijmegen potential [150] is, 12.6 MeV, for the case where the correct channel 
coupling effect to the A is omitted, namely, without the Pauli-projector in the AA^ channel. When the channel 
coupling to the AN is recovered and the Pauli-projector in the A7V channel is included, the binding energy 
for the E in nuclear matter decreases to 5.3 MeV. Then, the decrease in the calculated binding energy for the 
S, 12.6 - 5.3 = -|- 7.3 MeV, may be taken as the net effect of the Y.N — AN channel coupling for the S. We 
include the effect by assuming the same form as that applied for the effective Pauli blocking via Xt,Pb{t), and 
readjust the parameter As = Aa to As 7^ As to reproduce this difference in the single-particle energy for the 
lsi/2 in ibgPt), namely, —19.6 = —26.9-1-7.3 MeV. Here we should point out that the baryon density calculated 
in section 3.2, shows that the density around the center of the 208p^ nucleus is consistently close to that of 
nuclear matter within the model. The value obtained for As in this way is. As = 110.6 MeV (fm)'^. 

As for the SiV — AA channel coupling, the studies of Afnan and Gibson [152] show that the effect is very 
small for the calculated binding energy for aa^^- Although their estimate is not for large atomic number 
hypernuclei nor nuclear matter, we neglect the EN — AA channel coupling effect in the calculation. For the 
effective Pauli blocking and the channel coupling effects for the corresponding charm and bottom hypernuclei, 
we apply exactly the same forms and the coupling constants as those obtained for the A and S. 

3.3.5 Results for strange hypernuclei 

First, we present the results for strange hypernuclei. In Tables 14 and 15, we list the single-particle energies 
calculated for y O, y Ca, y^Ca, y Zr and y ^Pb {Y = A, E^''^, E^'^) hypernuclei, together with the experimental 
data [147, 153] for the A hypernuclei. (A recent, extensive review on the progress of the A hypernuclear 
spectroscopy is made in Ref. [154].) We have searched for the single-particle states up to the highest level of 
the core neutrons in each hypernucleus, since the deeper levels are usually easier to observe in experiment. 
Concerning the single-particle energy levels for the A hypernuclei, the QMC model supplemented by the 
effective PaTili blocking effect employed at the hadronic level, reproduces the data reasonably well. For the 
reasons explained earlier, small spin-orbit splittings are found for the A hypernuclei. 

It should be mentioned here that in the case of larger mass number E hypernuclei, no narrow states have 
been observed experimentally, although |;He was confirmed [155]. This experimental analysis [156] supports 
the suggestion made by Harada [157], that a large isospin dependent E-nucleus potential term may exist and 
the 1/A (A:baryon number) dependence of that term reduces the likelihood of observing bound states for 
^ > 5. The absence of heavier E hypernuclei may also arise from the width of E states associated with strong 
E — A conversion. Nevertheless, it may be interesting to compare the single-particle energies obtained for the 
charged hyperons, E^ and E~, and those of the neutral hyperons, E^ and E^. The present results imply that 
the Coulomb force is important for forming (or unforming) a bound state of the hyperon in hypernuclei. This 
was also discussed by Yamazaki et al. [158], in the context of the light E~ hypernuclei. 

In Table 16 we show the calculated binding energy per baryon, root-mean-square (rms) charge radius (rch) 
and rms radii of the strange hyperon (ry), neutron (r„) and proton (vp) distributions. The results listed 
in Table 16 are calculated for the lsi/2 hyperon configuration in all cases. Here, one can again notice the 
important role of the Coulomb force. For example, the binding energy per baryon, Eb/A, for the E~ (E"*") 
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Table 14: Single-particle energies (in MeV) for ^^O, ^Ca and fCa {Y = A,S±'0,S-'0) 
strange hypernuclei, calculated with the effective Pauli blocking and the SiV — AN channel 
coupling. Experimental data are taken from Ref. [153]. Spin-orbit splittings are not well 
determined by tlic cxperinients. 
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Table 15: Same as Table 17 but for |>Zr and f^Ph {Y = A, S±'0, S"-"). Experimental data 
are taken from Ref. [147]. Spin-orbit splittings are not well determined by the experiments. 
Double asterisks, **, indicate the value used for fitting. 
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Table 16: Binding energy per baryon, Eb/A (in MeV), rms charge radius {vch), and rms 
radii of the strange hyperon (ry), neutron (r„), and proton (vp) (in fm) for y O, y Ca, y Ca, 
y Zr and y ^Pb strange hypernuclei. The configuration of the strange hyperon, Y, is lsi/2 
for all hypernuclei. For comparison, we also list the corresponding results for normal finite 
nuclei. Double asterisks, **, indicate the value used for fitting. 



hypernuclei -Eb/A Tck ry Vp 

fO 07 2^84 2.49 2.59 2.72 

^^+0 5.91 2.82 3.15 2.61 2.70 

^"^,0 6.10 2.83 2.79 2.60 2.71 

^^_0 6.31 2.84 2.49 2.59 2.72 

go 5.86 2.80 2.98 2.62 2.68 

|LQ 6.02 2.81 2.65 2.61 2.69 

^^O 5.84 2.79 — 2.64 2.67" 

fCa 7.58 3.51 2.81 3.31 3.42 

IVCa 7.33 3.50 3.43 3.32 3.41 

|\,Ca 7.44 3.51 3.14 3.31 3.41 
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Figure 21: Potential strengths, g^{cr) and g^^, for A hypernuclei, jiJO, a Ca and ^^^Pb for 
IS1/2A state (from Ref. [124]). 



hypernuclei is typically the largest (smallest) among the same atomic number strange hypernuclei, while the 
rms radii for the hyperon, r^- (?'s+) is mostly the smallest (largest) among the hypernuclei of the same atomic 
number. 

To get an idea of the mass number dependence for the strange hypernuclei calculated, we show the absolute 
values of the scalar and vector potentials for the hyperons in y O, y Ca and y^Pb {Y = A, S°,S°) in Figs. 21 
and 22. 

We make one final remark concerning the S hypernuclei. Recent experiments [156] suggest that a strongly 
repulsive E-nucleus potential with a non-zero size of the imaginary part is best able to reproduce the measured 
spectra for middle and large baryon number hypernuclei. If we wish to be consistent with this result, we need 
to introduce an even stronger repulsive potential, either by the channel coupling effect, or based on the quark 
model analysis to reproduce the E-atom data without resorting to the channel coupling effect [159] for the S 
(Sc) hypernuclei. In this case, the repulsion should be strong enough that it entails no bound state for the S 
hypernuclei with medium to large baryon number. This will need a more elaborate investigation in the future, 
using further accumulated experimental data and analyses. Thus, at present, our results for S hypernuclei are 
incomplete and we need further investigation. 

3.3.6 Results for charm and bottom hypernuclei 

Next, we present results for charm and bottom hypernuclei. The formation of Ac and/or A^ hypernuclei 
was first predicted in the mid-1970s by Tyapkin [160], and Dover and Kahana [161]. Later on, theoretical 

studies [162, 163] as well as suggestions concerning the possibility of experimental observation [164] were made. 
The study of charm and bottom hypernuclei can be made in the same way as those made for strange hypernuclei. 
Namely, the treatment of spin-orbit force, and the Pauli blocking and the channel coupling effects are included 
in the same way as those explained in sections 3.3.3 and 3.3.4. However, since the charm and bottom baryons 
are heavy compared to the typical magnitude of the potentials needed to form a nucleus, the contribution from 
the spin-orbit piece of the single-particle energies is negligible. As will be shown later, its typical contribution 
is of order 0.01 MeV, and even the largest case is ~ 0.5 MeV, for all the charm and bottom hypernuclear 
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Figure 22: Same as Fig. 21 but for the S° hypernuclei (from Ref. [124]). 



single-particle energies calculated. This can be understood when one considers the limit, M* ^ oo in Eq. (233) 
for the cases of charm and bottom hypernuclei, where the quantity inside the square brackets varies smoothly 
from an order of hundred MeV to zero near the surface of the hypernucleus, and the derivative with respect to 
r is finite. Thus, the spin-orbit splittings are expected to be tiny. 

Concerning the channel coupling for T^c^ — A^N, we treat it in the same phenomenological way as that for 
T,N — AN , although the effect is expected to be smaller, since the mass difference for the former is larger. Thus, 
the channel coupling effect included for the hypernuclei should be regarded as the limiting case. In addition, 
recall that the recent experimental results show no evidence for narrow width S hypernuclei for the medium 
to large mass region. This suggests that one should improve the present treatment of the Pauli blocking and 
the channel coupling effects in the QMC model, for the Sc (and S) hypernuclei. 

In Tables 17 and 18 we give the single particle energies calculated for y O, y Ca, y Ca, y Zr and y^Pb 
{Y = A, A+, Aft) hypernuclei, together with the experimental data [153, 147] for the A hypernuclei. 

As for the strange hypernuclei, we searched for single-particle states up to the same level as the highest state 
of the core neutrons in each hypernucleus, since the deeper levels are usually easier to observe in experiment. 
After a first look at the results shown in Tables 17 and 18 we notice: 

1. and S+ hypernuclei are very unlikely to be formed under normal circumstances, while solid conclu- 
sions may not be drawn about 1?++ „+Ca. Although these results imply the formation of these hypernuclei, 
those numbers may be regarded within the uncertainties of the model and the approximations made in 
the calculation. 

2. E[! and hypernuclei may have some possibility to be formed. However, due to a peculiar feature that 
the correct lsi/2 state is not found in ^oO, ^^iCa and ^oZr, one needs to take this statement with some 
caution. (For detailed discussion, see Ref. [126] and below.) 

3. A+, S° and A;, hypernuclei are expected to be quite likely to be formed in a realistic situation. However, 
for the Afe hypernuclei, it will be very difficult to achieve such a resolution to distinguish the states 
experimentally. The question of experimental observation is not tackled realistically. 
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Tabic 17: Single-particle energies (in MeV) for ^JO, fCa and fCa {Y = A, A^, S^, S^, A;,). 
Experimental data arc taken from Rcf. [153]. Spin-orbit splittings for the A hypernuclei are 
not well determined by the experiments. 
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Table 18: Same as Table 17 but for fJZr and fP^Pb {Y = A, A^, E^, S^, A,,). Experimental data 
are taken from Ref. [147]. The values given inside the brackets for ^oZr are those obtained 
by switching off both the Pauli blocking and the channel coupling effects simultaneously. 
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Scalar and vector potentials in '^^Ca 

150 r—- ' ' > ' ' ' > ' ' ' > ' ' ' 1 




2 4 6 8 
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Figure 23: Potential strengths for lsi/2 state felt by the A, A+ and A;, in y Ca {Y = A, A+, At). 
"Pauli" stands for the effective, repulsive, potential representing the Pauli blocking at the 
quark level plus the T,c^i,N — A^^bN channel coupling, introduced phenomenologically at the 
baryon level [124] (see section 3.3.4) (from Ref. [126]). 



4. The Coulomb force plays a crucial role in forming (unforming) hypernuclei, by comparing the single- 
particle energies among/between the members within each multiplet, (A, A^,Afe), S^, S^+), and 
(S^,S+) hypernuclei. 

We comment shortly on the ^'qO, i^oCa and ?4Zr hypernuclei. The lsi/2 state for these hypernuclei were not 

c c c ' 

found. It was concluded in Ref. [126] that this is caused by the strong isospin dependent p mean field in the 
very central region of these hypernuclei. Some related discussion will be given later. 

Next, in Figs. 23, 24, 25 and 26 we show the potential strengths for lsi/2 state in y Ca and y ^Pb (1" = 
A, A+, Aft, E;°). Recah that the effects are different for the Ac and as they are true for the A and 
S. As in the limit of nuclear matter in section 2.2, the scalar and vector potentials for the heavy baryons are 
also quite similar to the strange hyperons with the same light quark numbers in the corresponding hypernuclei. 
This feature also holds for the Ec and S in the corresponding hypernuclei, except for a contribution due to the 
difference in charges, where the Coulomb force affects the baryon density distributions and then the vector and 
scalar potentials are also slightly modified. Thus, as far as the total baryon density distributions and the scalar 
and vector potentials are concerned, among/between the members within each multiplet, (A, A^A^), (Xj,X]c) 
and (H, He) hypernuclei, they show quite similar features. However, in realistic nuclei, the Coulomb force plays 
a crucial role as mentioned before, and the single-particle energies thus obtained show very different features 
within each hypernuclear multiplet. Of course, the mass differences within the multiplet are also the dominant 
source for the differences in the single-particle energies calculated. 

The baryon density distributions for hyperon Y for lsi/2 state, in y Ca and y ^Pb {Y = A, A+, A;,, H^), 
are shown in Figs. 27 and 28. One notices in Fig. 27 that the heavier hyperon, Af, is much more localized in the 
central region of the hypernucleus than A^f and A. In addition, the Coulomb force pushes the A^ away from the 
central region in the ^'^Pb hypernucleus. Next, it is interesting to compare the S[! and H[! probability density 
distributions in Fig. 28. Due to the Pauli blocking and the channel coupling effects, the probability density 
distributions for the S[! are pushed away from the origin compared to those for the in both ^^Ca and I'JpPb. 
In particular, the S[! density distribution in I'o^Pb is really pushed away from the central region, and thus 
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Scalar and vector potentials in Pb 
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Figure 24: Same as Fig. 23, but for ^o^Pb (from Ref. [126]). 



Potential strengths in c^^^ 
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Figure 25: Potential strengths for the E^'"*" and S° in yCa {Y = S^'+jS^) for lsi/2 state 
(from Ref. [126]). 
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Potential strengths in ^Pb 

150 




2 4 6 8 10 12 
Figure 26: Same as Fig. 25 but for ^^^Pb (C = (from Ref. [126]). 



A, A^^, A,^ density distributions 

0.02 r ^ ^ ^ , ^ ^ ^ , ^ ^ ^ , ^ ^ 
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Figure 27: A,A+ and baryon (probability) density distributions for lsi/2 state in yCa 
and ^o^Pb (Y = A, A+, A;,) (from Ref. [126]). 



68 



Heavy baryon densities in ''^Ca and ^°^Pb 

0.02 r ' ' ' , ' ' ' , ' ' ' , ' ' ' ] 




r (fm) 



Figure 28: and S° baryon (probability) density distributions for lsi/2 state in y Ca and 
fPSpb (F = (from Ref. [126]). 



loses much of the character of a typical lsi/2 state wave function. This fact shows that the isospin dependent 
p-meson mean field for the Is 1/2 state in the central region of the neutron rich nuclei is very strong. This 
may explain why the correct lsi/2 state is not found in ^^oCa and |;oZr, where the (isospin asymmetric) baryon 
density distributions in central region of these nuclei are expected to be larger than those for ^'cPPb - as in 
the case of normal nuclei. (In the case of ^oO, we expect that the size of the nucleus is much smaller and the 

is more sensitive to the isospin dependent /o- meson mean field, due to the higher baryon density and the 
limitation of the mean field approximation, than those for the ?,^pPb.) On the contrary, it is rather surprising 
that the Sj? probability density distribution is higher and localized more in the central region than those for the 
S^'"*", although one can naively expect that they have an opposite characteristic, because of the smaller scalar 
attractive potential for the Hj?. Thus, the effects of the Pauli blocking, and particularly the channel coupling, 
play an important role in giving rise to these different features. 

Finally, we show in Table 19 the binding energy calculated per baryon, E^/A, rms charge radius (r^/i), 
and rms radii of the hyperons (ry,y = A, Ac, Sci A;,), neutron (r„) and proton (r^) for the lsi/2 hyperon 
configuration. At a first glance, it is very clear that the rms radius for the Ab is very small compared to those 
for other baryons within hypernuclei with the same baryon number - as one would expect, because of its heavy 
mass. On the other hand, rch and/or rp for the A;, hypernuclei are usually the largest of all the hypernuclei 
calculated. This implies that the protons in the core nucleus are relatively more pushed away than in the other 
hypernuclei, although such a feature is not seen for Tji. The radii, r^/i, and Vp, may be grouped in similar 
magnitudes for all heavy baryon hypernuclei and A hypernuclei within the same baryon number multiplet (y Ca 
and y Ca in Table 19 may be grouped together), reflecting the fact that the effect of the embedded baryon on 
these quantities are of order, ~ My /[{A — l)M]\f + My]- As for the binding energy per baryon, the energy 
of Aft hypernuclei is usually the largest among hypernuclei with the same baryon number. One of the largest 
contributions for this is the single-particle energy of the lsi/2 state, even after divided by the total baryon 
number. 

Although there can be numerous speculations on the implications of the present results we would like to 
emphasize that our calculations indicate that the A^,H[!, and A;, hypernuclei would exist in realistic experi- 
mental conditions, but there may be lesser possibilities for the S[! and hypernuclei. Furthermore, it is very 
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Table 19: Binding energy per baryon, Eb/A (in MeV), rms charge radius (rch), and rms 
radii of the A and heavy baryons, ry, neutron, r„, and proton, Vp (in fm) for y O, y Ca, y Ca, 
y Zr and fP^Pb (Y — A, Ac, Ec, Sc, A;,). The configurations of the A and heavy baryon Y, are 
Is 1/2 for all hypernuclei. 



hypernuclei -Eb/A Vch ry r„ Vp 

K37 2.84 2.49 2.59 2.72 

^^■^+0 6.42 2.85 2.19 2.58 2.73 

^to 6.10 2.83 2.57 2.60 2.71 

|t0 6.01 2.81 2.34 2.61 2.69 

2o 5.84 2.81 2.70 2.61 2.69 

i^^O 6.69 2.87 1.81 2.57 2.75 

fCa 7^58 3.51 2.81 3.31 3.42 

f+Ca 7.58 3.51 2.66 3.31 3.42 

||Ca 7.54 3.51 2.79 3.31 3.42 

^VCa 7.42 3.50 3.21 3.31 3.41 

||Ca 7.43 3.49 2.76 3.32 3.40 

f+Ca 7.32 3.49 3.11 3.32 3.39 

f^Ca 7.72 3.53 2.22 3.30 3.43 

fCa 7:58 3.54 2.84 3.63 3.45 

f+Ca 7.54 3.54 2.67 3.63 3.45 

g^Ca 7.39 3.54 3.17 3.64 3.44 

^CCa 6.29 3.57 3.62 3.71 3.47 

|Ca 7.34 3.53 2.57 3.65 3.43 

5Ca 7.32 3.53 3.19 3.65 3.43 

f^Ca 7.64 3.56 2.16 3.63 3.46 

f7^ TM 4.29 3.25 4.29 4.21 

f+Zr 7.85 4.29 3.34 4.30 4.21 

^VZr 7.77 4.29 4.03 4.30 4.21 

|lZr 7.78 4.28 3.01 4.30 4.20 

^{Zr 7.93 4.30 2.63 4.29 4.22 

io^pb 7.35 5.49 3.99 5.67 5.43 

fph 7.26 5.49 4.74 5.68 5.43 

ifPb 6.95 5.51 4.88 5.70 5.45 

ifpb 7.24 5.49 4.44 5.68 5.43 

f^Ph 7.48 5.49 3.45 5.66 5.43 

tin 
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unlikely that the and hypernuclei will be formed. Experiments at facilities like Japan Hadron Facility 
(JHF) would provide quantitative input to gain a better understanding of the interactions of heavy baryons 
with nuclear matter. Experiments at colliders such as RHIC, LHC and Fermilab could provide additional data 
to establish the formation and decay of such heavy baryon hypernuclei. A combination of these data inputs 
and a careful analysis, with the present calculations being considered as a first step, would give a valuable 
information about the physical implications for the presence of heavy quarks in finite nuclei or dense nuclear 
matter. 



3.4 Meson-nucleus bound states 

In this section we discuss the meson-nucleus bound states for uj, ij, r( [165, 166] first, and next -D(-D) mesons [131]. 
Studies of meson-nucleus bound states in different approaches have also been made in Refs. [167, 168, 169, 170, 
171, 172, 173, 174]. To avoid confusion with the isoscalar- vector {uS) field appearing in the Lagrangian density 
of the QMC-I model, we emphasize that the a; meson appearing in this section is a physical one. 

As mentioned in section 3.3.1, we can treat mesons in the same way as hyperons in hypernuclei, as long as 
the mesons contain light quarks (antiquarks) . (However, the pion cannot be treated in a satisfactory manner 
in a constituent quark model usually, because of its highly collective nature and low mass, originating in its 
Goldstone boson nature.) To study the meson-nucleus bound states for u;,r],ri' and D(D) mesons, one may 
solve the Klein-Goldon equation for a given potential inside a nucleus, instead of solving the Dirac equation for 
a hyperon in the case for the hypernuclei. (For the u> meson, solving the Proca equation becomes equivalent 
to solving the Klein-Goldon equation with the Lorentz condition, as will be explained later.) 

First, we consider the r],r]' and uj meson-nucleus bound states. The physical states of the r),r)',(f) and uj 
mesons are the superpositions of the octet and singlet states: 

C = Cs cos Opy - ^1 sin Opy , = ^8 sin Opy + ^1 cos Opy, (248) 

with 

^1 = —^{uu + dd + ss), ^s = {uu + dd-2ss), (249) 
v3 v6 

where (^, denotes (77, rj') or {cp, u), with the mixing angles 6p or Oy, respectively [132, 133, 134, 135]. Then, 
the masses for these mesons in the nucleus at position r, are calculated using the local density approximation: 

^vA^ = ^ + 37ri?^,</.^> (250) 



dm*{r) 



0, (i = r?,r?',</.,a;), (252) 



Rj—Rj 



with 



1 [2 [21 

apy = -y=cosepy - y -sinOpy, bpy = ^ -cos9py + -^sinOpy. (253) 



In practice, we use 9p = —10° and Oy = 39° [132, 133, 134, 135], neglecting any possible mass dependence 
and imaginary parts. We also assume that the values of the mixing angles do not change in medium. Then, 
the in-medium modification of the (p nieson mass is negligible, since the (p — u mixing is nearly ideal. Thus, 
the (p meson is not expected to form nuclear bound states in the QMC model and we will not discuss on the 
0-nucleus bound states below. 

In Eqs. (250) and (251), Zy^^ri' ,(i>,uj are the same as before, they parameterize the sum of the center-of-mass and 
gluon fluctuation effects, and are assumed to be independent of density. The quark-meson coupling constants, 
5^, g^j and 5^, are given in Table 11, and other inputs, parameters, and some of the quantities calculated are 
listed in Table 12. 
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Figure 29: Effective masses of tlie nucleoli, physical rj and on mesons divided by tlieir free 
values, and those correspond to the SU(3) quark model basis (the dotted lines), namely 
uj = -^{uu + dd) (ideal mixing) and rj^ = -^{uu + dd — 2ss). The two cases for the lu meson 
are almost degenerate (po = 0.15 fm~^) - from Ref. [165]. 



Because the vector potentials for the same flavor of quark and antiquark cancel each other, the potentials 
for these mesons are given respectively by m*^, — mri^ri' ,(j>,uj-, where they will depend only on the distance 
from the center of the nucleus, r = |r|. Before showing the potentials calculated for the rj^rj' and uj mesons, we 
first show in Figs. 29 and 30 their effective masses divided by their free values, as well as those corresponding 
to a; = -^{uu + dd) (ideal mixing) and ryi^g = ?i,8 in Eq. (249) for symmetric nuclear matter. One can easily 
see that the effect of the singlet-octet mixing is negligible for the uj mass in matter, whereas it is important for 
the ry and r]' masses. 

Next, as examples, we show the potentials for the mesons in ^^Mg and ^"^^Pb nuclei, respectively, in Figs. 31 
and 32. Note that, although ^He, ^^B and ^^Mg are not spherical, we have neglected the effect of deformation, 
which is expected to be small and irrelevant for the present discussion. (We do not expect that deformation 
should alter the calculated potentials by more than a few MeV near the center of the deformed nucleus, because 
the baryon (scalar) density there is also expected to be more or less the same as that for a spherical nucleus - 
close to normal nuclear matter density.) Around the center of each nucleus, the depth of the potentials are 
typically 60 and 130 MeV for the r] and oj mesons, respectively. In addition, we show the calculated potentials 
using QMC-II [19] in Fig. 32, for ^'^^Pb, in order to estimate the ambiguities due to different versions of the 
QMC model. At the center of ^*^^Pb, the potentials calculated using QMC-II are about 20 MeV shallower than 
those calculated using QMC-I. Note that in QMC-II the physical uj meson is identified with the isoscalar-vector 
UJ field which mediates the interactions, while in QMC-I, it is the SU(6) quark model state and different from 
the isoscalar-vector u) field. The potential for the r] in QMC-II is calculated using the scalar a field distribution 
in 208p]-, obtained in the parameter set B. 

It is interesting to compare the potentials, or equivalently the effective masses for the 77 and uj in nuclear 
matter obtained in different approaches. In QMC-I, we get: 




(254) 
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Figure 30: Same as caption of Fig. 29, but for physical 1]', D and D* mesons, and that of 
the Tji, (the dotted hues), namely rji = -^{uu + dd + ss) (from Ref. [179]). 
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Figure 31: Potentials for the 77 and oj mesons, (m*(r) — m^) and (m* (r) — m^), calculated 
in QMC-I for ^^Mg (from Ref. [165]). 
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Figure 32: Same as Fig. 31 but for ^'^^Pb. Potentials calculated in QMC-II are also shown 
(from Ref. [165]). (See section 3.1 for QMC-II.) 



0. 1-0.16(^). (255) 

(See also Eq. (164) for the uj obtained in QMC-II with using the approximated formula for the scalar field a.) 
For the r], Waas and Weise [175] with a chiral SU(3) meson baryon Lagrangian, and Inoue and Oset [176] in a 
chiral unitary approach, both obtained: 

!^ ^ 1 _ 0.05 ( , (256) 
rur, \poJ 

which shows a slightly smaller downward shift for the effective jj-meson mass, and thus entails a shallower 
potential than that obtained in QMC-I. However, Zhong, Peng and Ning [177] obtained a stronger downward 
shift compared to Eqs. (254) and (256), based on chiral perturbation theory. For the oj, both based on QCD 
sum rules, Hatsuda and Lee [178] obtained: 

^ ~ 1- (0.18 ±0.054) f^V (257) 

\PoJ 

while, Klingl, Kaiser and Weise [118] obtained: 

^ ~ 1- (0.16 ±0.6) f^V (258) 

\Po J 

They are very similar to those obtained in QMC-I and QMC-II. Thus, although approaches are different, they 
all predict the downward shift of the effective r) and u> masses in nuclear matter. For the u>, this has been indeed 
confirmed independently by the ELSA tagged photon facility [44] and KEK [45] as mentioned in section 3.1.1. 
Then, one can expect a much realistic situation to find the w-nucleus bound states in near future. 

Because the typical momentum of the bound to is low, it should be a very good approximation to neglect 
the possible energy difference between the longitudinal and transverse components of the uj [58]. Then, after 
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imposing the Lorentz condition, d^(j)^ = 0, solving the Proca equation becomes equivalent to solving the 
Klein-Gordon equation the same as for the rj and t]' mesons: 

V2 + E] - mf (r)] </>, (f) = 0, (j = r], r]',u), (259) 

where Ej is the total energy of the meson. An additional complication, which has so far been ignored, is 
the meson absorption in the nucleus, which requires a complex potential. At the moment, we have not been 
able to calculate the imaginary part of the potential (equivalently, the in-medium widths of the mesons) self- 
consistently within the model. In order to make a more realistic estimate for the meson-nucleus bound states, 
we include the widths of the mesons in the nucleus by assuming a specific form: 

m*(r) = m*(r)-^[K-m*(r))7,+rO], {j = v,v',^), (260) 

^ m*{r)-'-r*{r), (261) 

where, mj and are the corresponding masses and widths in free space, and are treated as phenomenological 
parameters to describe the in-medium meson widths, ^jir). We have calculated the single-particle energies for 
several values of the parameter, 7^, which cover the estimated ranges [165]. However, we will present the results 
for the values, (7,^, 7^) = (0.5, 0.2), which are expected to be realistic. For the rj' , although it is possible that the 
width in a nucleus becomes broader, we have neglected the width for simplicity in the initial calculation [166], 
and present the results for 7^/ =0. (See Ref. [173] for a recent estimate of the rj' width in a nucleus.) 

In case the recoilless condition is achieved for meson production, as in the GSI experiment, we may expect 
that the energy dependence of the potentials would not be strong [180]. Thus we actually solve the following, 
modified Klein-Gordon equations: 

+ E] - mf (r)] <^,(f) = 0, {j = r],Lo). (262) 

This is carried out in momentum space by the method developed in Ref. [181]. To confirm the results, we also 
calculated the single-particle energies by solving the Schrodinger equation. Calculated (complex) single-particle 
energies for the 77, rj' and co mesons, Ej = Ej + rrij — iTj/2, [j = i], rj' , u), obtained by solving the Klein-Gordon 
equation, are listed in Table 20. For a comparison, we also list the QHD results [182] for the 00 single-particle 
nuclear state energies, calculated using the potential estimated by QHD. 

Although the specific form for the widths of the mesons in medium could not be calculated in this model 
yet, our results suggest that one should find rj- rj'- and w-nucleus bound states. From the point of view of 
uncertainties arising from differences between QMC-I and QMC-II, the present results for both the single- 
particle energies and calculated full widths should be no more than 20 % smaller in absolute value according 
to the estimate from the potential for the lo in 208p|-, j^ig, 32. Thus, for a heavy nucleus and relatively 
wide range of the in-medium meson widths, it seems inevitable that one should find such rj- and w-nucleus 
bound states. Note that the correction to the real part of the single-particle energies from the width, F, can 
be estimated non-relativistically, to be of order of ~ V'^/Sruj (repulsive), which is a few MeV if we use F ~ 100 
MeV. 

Next, we discuss the D and D meson-nucleus bound states, where the treatment is different from that for 
the rj,rj' and oj cases due to the non-zero vector potential for them. In particular, the long range Coulomb 
interaction in the case of the D~-nucleus bound state, needs special treatment. We again calculate the effective 
masses, m|(f) (j = D,D), and mean field potentials, V^^^ p{r), at position r in the nucleus using the local 
density approximation. Note that the widths of the D and D mesons in free space can be treated as zero in 
practice and we assume this for and -D*^ mesons in nuclei, because of their light quark content. We do not 
expect strong absorption for them. On the other hand, we expect that there should be strong absorption for 

and mesons and this is ignored in our main discussions below. However, to get some idea, nevertheless, 
we calculate meson nuclear states, by forcing their widths to be zero. Thus, the highlight in the following 
is the D^-nucleus bound states. The scalar and vector potentials, which depend only on the distance from the 
center of the nucleus, r = |r|, are given by: 

y/(r) = m*{r)-mj, (263) 
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Table 20: Calculated meson-nucleus bound state energies, Ej = Re{E* — rrij), and widths, 
Tj {j — LO,ri,ri'), (in MeV) in QMC [165] and those for the u in QHD, including the effect 
of a-uj mixing [182]. The complex eigenenergies are given by, E* — Ej + rrij — iVj/2. (* not 
calculated) 





r° = 

7r, = 0.5 


(QMC) 


ro, = o 

(QMC) 


Vl = 8.43 

7u;=0.2 


(MeV) 
(QMC) 


ro = 8.43 

7a; = 0.2 


(MeV) 
(QHD) 




Er, 


r. 


Er^i 


Eu; 




Euj 






Is 


-10.7 


14.5 


* 


-55.6 


24.7 


-97.4 


33.5 


fB 


Is 


-24.5 


22.8 


* 


-80.8 


28.8 


-129 


38.5 


fMg 


Is 


-38.8 


28.5 


* 


-99.7 


31.1 


-144 


39.8 




Ip 


-17.8 


23.1 


* 


-78.5 


29.4 
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Figure 33: Sum of the scalar, vector and Coulomb potentials for the D meson in ^osp]-, 

for two cases, (m^_(r) — + V^{r) + |V^'(r) — A{r) (the dashed line) and (m^_(r) — 

mo-) + V^{r) + \V^{r) - A{r) (the dotted line), where V^{r) = 1.4Vj(r) (from Ref. [131]). 



V.'^'ir) = V^{r)-^-V^\r)-Air), (264) 

vFir) = VS{r) + ^V^^{r), (265) 

K''\r) = - (Fj(r) + iy;(r)) , (266) 

where A{r) is the Coulomb interaction between the meson and the nucleus. Note that the p-meson mean field 
potential, V^{r), is negative in a nucleus with a neutron excess, such as ^'^^Pb. For the larger uj meson coupling, 
suggested by i^+-nucleus scattering, V^(r) is replaced by V^{r) = 1.4^1/^(r). (See Eq. (220).) In Fig. 33 we 
show the sum of the potentials for the D~ in ^'^^Pb for the two choices of [V^ (r) + (r)] (the dashed line 
corresponds to V^{r) and the dotted line to V^(r)). Because the D~ meson is heavy and may be described well 
in the (non-relativistic) Schrodinger equation, one expects the existence of the ^^Pb bound states just from 
inspection of the naive sum of the potentials, in a way which does not distinguish the vector or scalar Lorentz 
character. 

Now we calculate the bound state energies for the D and D in ^'^^Pb nucleus, using the potentials calculated 
in QMC. There are several variants of the dynamical equation for a bound meson-nucleus system. Consistent 
with the mean field picture of QMC, we actually solve the Klein-Gordon equation: 

[V^ + {Ej-V,\r)f-mfir)]<Pj{f) = 0, (267) 

where Ej is the total energy of the meson (the binding energy is Ej—nij). To deal with the long range Coulomb 
potential, we first expand the quadratic term (the zeroth component of Lorentz vector) as, {Ej — Vj{r))'^ = 
Ej + A'^{r) + V^p{r) + 2A{r)Vi_op{r) — 2Ej{A{r) + Vi^p{r)), where K)p(r) is the combined potential due to u and 
p mesons {V^p{r) = V^{r) — ^V^{r) for D~). Then, Eq. (267) can be rewritten as an effective Schrodinger-like 
equation. 



E 

$,(r)= ^ 



m 



2m 1 



(268) 
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Table 21: D~,D^ and bound state energies (in MeV). The widths are all set to zero. 
Note that the bound state energies calculated with will be much larger (in absolute 
value) than those calculated with V^. 



state 






D-{V^,Tio Coulomb) 








Is 


-10.6 


-35.2 


-11.2 


unbound 


-25.4 


-96.2 


Ip 


-10.2 


-32.1 


-10.0 


unbound 


-23.1 


-93.0 


2s 


-7.7 


-30.0 


-6.6 


unbound 


-19.7 


-88.5 



where <J>j(r) = 2mj(pj{r) and Vj{Ej,r) is an effective energy-dependent potential which can be spUt into three 
pieces (Coulomb, vector and scalar parts), 

= 4 ^ ^ 2m, • « 

Note that only the first term in this equation is a long range interaction and thus needs special treatment, 
while the second and third terms are short range interactions. We would like to emphasize that no reduction 
has been made to derive the Schrodinger-like equation, so that all relativistic corrections are included in our 
calculation. The calculated meson-nucleus bound state energies for ^*^^Pb, are listed in Table 21. 

The results show that both the D~ and are bound in ^'^'^Pb with the usual co coupling constant. For the 
D~ the Coulomb force provides roughly 24 MeV of binding for the Is state, and is strong enough to bind the 
system even with the much more repulsive u coupling (viz., 1.4^V^). The with the stronger a; coupling is 
not bound. Note that the difference between and D~ without the Coulomb force is due to the interaction 
with the p meson, which is attractive for the but repulsive for the D~ . For completeness, we also calculated 
the binding energies for the setting a possible in-medium width to be zero. It is deeply bound because the 
u> interaction with the light antiquarks is attractive. However, the expected large width associated with strong 
absorption may render it experimentally inaccessible. It is an extremely important experimental challenge to 
see whether it can be detected. 

We show the eigenfunctions obtained for the Schrodinger-like equation in Fig. 34, together with the baryon 
density distribution in ^°^Pb. For the usual oj coupling, the eigenstates (Is and Ip) are well within the nucleus, 
and behave as expected at the origin. For the stronger cu coupling, however, the D~ meson is considerably 
pushed out of the nucleus. In this case, the bound state (an atomic state) is formed solely due to the Coulomb 
force. An experimental determination of whether this is a nuclear state or an atomic state would give a strong 
constraint on the cj coupling. We note, however, that because it is very difficult to produce D-mesic nuclei with 
small momentum transfer, and the L^-meson production cross section is small compared with the background 
from other channels, it will be a challenging task to detect such bound states experimentally [183]. 

In spite of possible model-dependent uncertainties, our results suggest that the D~ meson should be bound 
in 208p|-, through two quite different mechanisms, namely, the scalar and attractive a mean field even without 
the assistance of the Coulomb force in the case of the normal vector potential (V^), and solely due to the 
Coulomb force in the case of the stronger vector potential (V^). (We recall that the kaon is a pseudo-Goldstone 
boson and expected to be difficult to treat properly with the usual bag model. Thus, the analysis of Ref. [130] 
on the vector potential for the light quarks inside the kaon bag may not be applicable to the light quarks inside 
the D-meson.) 

Thus, whether or not the D'^-^'^^Pb bound states exist would give new information as to whether the 
interactions of light quarks in a heavy meson are the same as those in a nucleon. The enormous difference 
between the binding energies of the (~ 100 MeV) and the D° (~ 10 MeV) is a simple consequence of the 
presence of a strong Lorentz vector mean-field, while the existence of any binding at all would give us important 
information concerning the role of the Lorentz scalar a field (and hence dynamical symmetry breaking) in heavy 
quark systems. In spite of the perceived experimental difficulties, we feel that the search for these bound systems 
should have a very high priority. 
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Figure 34: The Schrodinger-like bound state wave functions of the D~ meson in ^°^Pb, for 
two different u meson couphng strengths. See also the caption of Fig. 33. The wave function 
is normahzed as follows: /Q°°(ir 47rr^|$(r)p = 1 (from Ref. [131]). 



4 Effects of nucleon substructure on lepton-nucleus scatter- 
ings 

In this section, we summarize the appHcations of the QMC model to lepton-nucleus scattering, in which nucleon 
substructure effects in a medium may emerge. The highlight of this section is the comparison between the QMC 
model prediction and the experimental results for the bound proton electromagnetic form factors measured at 
the Thomas Jefferson Laboratory (JLab) [6]. 



4.1 Nucleon form factors 
4.1.1 Electromagnetic form factors 

For an on-shell nucleon, the electric (Ge) and magnetic {Gm) form factors can be conveniently defined in the 
Breit frame by 

{NAl)\j\0)m-l)) = xI.XsGe{Q% (270) 
{NA^)\JmNs{-l)) = xl'-^^XsGMiQ'), (271) 

where Xs and xl' are Pauli spinors for the initial and final nucleons respectively, q is the three momentum 
transfer, and q'^ = —Q^ = —q'^- The major advantage of the Breit frame is that Ge and Gm are explicitly 
decoupled and can be determined by the time and space components of the electromagnetic current (J'^), 
respectively. Note that, in the above definitions, both the initial and final states are physical states which 
incorporate meson clouds. 
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Figure 35: Diagrams illustrating various contributions included in the calculation of the 
nucleon form factors (up to one pion loop) . The intermediate baryons B and C are restricted 
to the and A. 



The electromagnetic current of the quark is given by 

fix) = Y.Qi^'^ii'^h^M^)^ (272) 

where ipqix) is the quark field operator for the fiavor q and Qq is its charge in units of the proton charge, e. 
This is represented by a diagram (a) in Fig. 35. The momentum eigenstate of a baryon is constructed by the 
Peierls-Thouless projection method [184, 185], 

'^pt{xi,X2,X3;p) = A^PTe*^^'^" "" Vg(^i - ^c.m.)V'g(^2 - ^c.m.)V'g(^3 - ^c.m.), (273) 

where A'pt is a normalization constant, p the total momentum of the baryon, and Xc.m. = (^i + X2 + x^)/^ is 
the center of mass of the baryon (we assume equal mass quarks here) . 

Using Eqs. (272) and (273), the nucleon electromagnetic form factors for the proton's quark core can be 
calculated by [184] 

Ge{Q'') = Jdhjo{Qr)pq{r)K{r)/DpT, (274) 
Gm(Q') = {2Mn/Q) Jd\n{Qr)l3qjo{ngr/RN)ji{ngr/RN)K{r)/DpT, (275) 
DpT = jd\pq{r)K{r), (276) 

where Dpt is the normalization factor, Pq{r) = jQiVLqV / R^) + (iqjii^qr / Rn) , and K{r) = J d^x pq{x)pq{—x — f) 
is the recoil function to account for the correlation of the two spectator quarks. 

Apart from the center-of-mass correction, it is also vital to include Lorentz contraction of the bag for the 
form factors at moderate momentum transfer [184, 186]. In the Breit frame, the photon-quark interaction can 
be reasonably treated as instantaneous. The final form of the form factors can be obtained through a simple 
rescaling [184], i.e., 

= (^)'<((l^)'«')- P^*' 



where = y M% + Q^/4 and G^^^^iQ"^) are the form factors calculated with the static spherical bag wave 
function. The scaling factor in the argument arises from the coordinate transformation of the struck quark 
and the factor in the front, {M^ / Ej^)'^ , comes from the reduction of the integral measure of two spectator 



80 



quarks in the Breit frame [186]. For the case of a bound nucleon (a nucleon in nuclear matter) we use the 
substitution [187], {Mn/En) (M^f/Elf) in Eqs. (277) and (278). 

As is well-known, a realistic picture of the nucleon should include the surrounding meson cloud. Following 
the cloudy bag model (CBM) [188, 189], we limit our consideration on the meson cloud correction to the most 
important component, namely the pion cloud. For the pion cloud contribution we include up to one pion 
loop, namely, diagrams (b) and (c) in Fig. 35. As in free space, the pion field is a Goldstone boson field and 
acts to restore the chiral symmetry. The Lagrangian related to the pion field and its interaction, within the 
pseudoscalar quark-pion coupling scheme, is 

= - \rnlTr^ " l^'^gl^r ■ niPg6s, (279) 

where Ss is a surface delta function of the bag, ttZtt the pion mass and /tt the pion decay constant. The 
electromagnetic current of the pion is 

j^^[x) = -ie[Tr^ {x)d^Tr{x) - 7r(a;)a^7r^(x)], (280) 

where Tr{x) = '^[^li^) + i'^2ix)] either destroys a negatively charged pion or creates a positively charged one. 
The detailed expressions for their contributions can be found in Ref. [184] with the following substitutions 
rriT, ^ ml, TUB ^ m*^, and Uab ^ f*AB- 

In principle, the existence of the vr and A inside the nuclear medium will also lead to some modification 
of their properties. Since the pion is well approximated as a Goldstone boson, the explicit chiral symmetry 
breaking is small in free space, and it should be somewhat smaller in nuclear medium [Ij. While the pion 
mass would be slightly smaller in the medium, because the pion field has little effect on the form factors (other 
than Geh)) we use m* = 771,,^. As the A is treated on the same footing as the nucleon in the CBM, its mass 
should vary in a similar manner as that of the nucleon. Thus we assume that the in-medium and free space 
N — A mass splitting are approximately equal, i.e., m\ — ~ tha — Mn. The physical ttAB coupling 

constant is obtained by f^^ ~ ^yW^ j^nn _ There are uncertain corrections to the bare coupling constant 

/o^^, such as the nonzero quark mass and the correction for spurious center of mass motion. Therefore, we 
use the renormalized coupling constant in our calculation, f^^ ~ 3.03, which corresponds to the usual ttNN 
coupling constant, f^j^j^ — 0.081. In the medium, the ttNN coupling constant might be expected to decrease 
slightly due to the enhancement of the lower component of the quark wave function, but we shall ignore this 
density dependence in the present treatment and use /*jvjv — f-n-NN- 

The corrections for the center-of-mass motion and Lorentz contraction lead to significantly better agreement 
with data than was obtained in the original, static CBM calculations. For a detailed comparison with data 
we refer to Ref. [184]. This approach is sometimes called the improved cloudy bag model (ICBM). Our main 
results, namely the density dependence of the form factors in matter, relative to those in free space, are shown 
in Fig. 36. The charge form factors are much more sensitive to the nuclear medium density than the magnetic 
ones. The latter arc nearly one order of magnitude less sensitive. Increasing density obviously suppresses the 
electromagnetic form factors for small Q^. For a fixed (less than 0.3 GeV^), the form factors decrease almost 
linearly with respect to the nuclear baryon density, p. At ~ 0.3 GeV^, the proton and neutron charge form 
factors are reduced by roughly 5% and 6% for p = 0.5po, and 8% for the normal nuclear density, po; similarly, 
the proton and neutron magnetic form factors are 1% and 0.6% smaller for p = 0.5po, and 1.5% and 0.9% for 
the normal nuclear density. 

The best experimental constraints on the changes in these form factors come from the analysis of y-scaling 
data. For example, in iron nucleus (Fe) the nucleon root-mean-square radius cannot vary by more than 3% [190]. 
However, in the kinematic range covered by this analysis, the eA^ cross section is predominantly magnetic, so 
this limit applies essentially to Gm- (As the electric and magnetic form factors contribute typically in the ratio 
1:3 the corresponding limit on Ge would be nearer 10%.) For the QMC model considered here, the calculated 
increase in the root-mean-square radius of the magnetic form factors is less than 0.8% at po- For the electric 
form factors the best experimental limit seems to come from the Coulomb sum-rule, where a variation bigger 
than 4% would be excluded [69]. This is similar in size to the variations calculated here (e.g., 5.5% for G^ at 
Po) and not sufficient to reject them. 
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Figure 36: The nucleon electromagnetic form factors in the nuclear medium (relative to 

those in free space case) [187]. The free space bag radius is 1 fm and the density is quoted 
in units of the saturation density of symmetric nuclear matter, po = 0.15 fm~^. 



4.1.2 The QMC predictions and Experimental results (EM interactions) 

Now, we study the medium modification of the bound proton electromagnetic form factors in nuclei, '^He, ^^O, 
and ^'^Ca [191]. We emphasize that the bound proton electromagnetic form factors in ^He was predicted before 
the experimental data from JLab were taken. The quark wave function, as well as the nucleon wave function 
(both are Dirac spinors), are determined once a solution to equations of motion are found self-consistently. The 
orbital electromagnetic form factors for a bound proton, in local density approximation, are given by 

G|,m(Q') = / GE,Mi.Q''^PB{mpa{^dr, (281) 

where a denotes a specified orbit with appropriate quantum numbers, and Ge,m{Q^ , PBir)) is the density- 
dependent form factor of a "proton" immersed in nuclear matter with local baryon density, ps^r)^- Using the 
nucleon shell model wave functions (Dirac spinors), the local baryon density and the local proton density in 
the specified orbit, a, are easily evaluated as 

occ 

PB{r) = ^dai^i{r)tlJair), 

a 

Ppaif) = (ta + ^)V'i(r)Va(r1, (282) 

where = (2jq + 1) refers to the degeneracy of nucleons occupying the orbit a and is the eigenvalue of the 
isospin operator, /2. Notice that the quark wave function only depends on the surrounding baryon density 
through the scalar a field in the QMC model. Therefore, this part of the calculation of Ge,m{Q^, PB{r)) is 
the same as for nuclear matter [187, 193], as described in section 4.1.1. The notable medium modifications 
of the quark wave function inside the bound nucleon in QMC include a reduction of its frequency and an 

^In a more sophisticated treatment, for example, using a full distorted wave calculation, the weighting may emphasize 
the nuclear surface somewhat more [192]. 
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Figure 37: Ratio of in-medium to free space electric and magnetic form factors for the proton 
in ^He. (The free bag radius and current quark masses were respectively taken to be 0.8 fm 
and 5 MeV in all figures.) (Taken from Ref. [191].) 



enhancement of the lower component of the Dirac spinor. As explained in section 4.1.1, the corrections arising 
from recoil and center of mass motion for the bag are made using the Peierls-Thouless projection method, 
combined with Lorentz contraction of the internal quark wave function and with the perturbative pion cloud 
added afterwards [184]. Note that possible off-shell effects [194] and meson exchange currents [195, 196] are 
ignored in the present approach. The resulting nucleon electromagnetic form factors agree with experiment 
quite well in free space [184]. Because of the limitations of the bag model the form factors are expected to be 
most reliable at low momentum transfer (say, less than 1 GeV'^). To cut down theoretical uncertainties, we 
prefer to show the ratios of the form factors with respect to corresponding free space values. Throughout this 
section, we use the renormalized ttNN coupling constant, f^j^j^f — 0.0771 [197]. The bag radius in free space 
and the current quark mass are taken to have the standard values, 0.8 fm and 5 MeV, respectively. 

Fig. 37 shows the ratio of the electric and magnetic form factors for ^He (which has only one state, lsi/2) 
with respect to the free space values. As expected, both the electric and magnetic rms radii become slightly 
larger, while the magnetic moment of the proton increases by about 7%. Fig. 38 shows the ratio of the electric 
and magnetic form factors for ^^O with respect to the free space values, which has one s-state, lsi/2, and two 
p-states, lp3/2 and lpi/2- For comparison, we also show in Fig. 38 the corresponding ratio of form factors (those 
curves with triangle symbols) using a variant of QMC where the bag constant is allowed to decrease by 10% [66] 
(see section 2.5). The momentum dependence of the form factors for the s-wave nucleon is more suppressed 
as the inner orbit in ^^O experiences a larger average baryon density than in ^He. The magnetic moment for 
the s-orbit nucleon is similar to that in ^He, but it is reduced by 2 — 3% in the p-orbit. Since the difference 
between the two p-orbits is rather small, we do not plot the results for lpi/2- Finally, Fig. 39 shows the ratio 
of the electric and magnetic form factors for ^^O with respect to the free space values. For comparison, we also 
show in Fig. 39 the corresponding ratio of form factors (those curves with triangle symbols) using the MQMC 
model [66]. It is evident that the effect of a possible reduction in B is quite large and will severely reduce the 
electromagnetic form factors for a bound nucleon since the bag radius is quite sensitive to the value of B. 

From the experimental point of view, it is more reliable to show the ratio, Ge/Gm, since it can be derived 
directly from the ratio of transverse to longitudinal polarization of the outgoing proton, with minimal systematic 




83 



0.6 - 



* Gm|B)(1Si/2) 

Ge(B)(1P3,2) 



0.0 



0.5 



1.0 



1.5 



2.0 



2.5 



Q' (GeV') 



Figure 38: Ratio of in- medium to free space electric and magnetic form factors for the s- and 
p-shells of ^^O. The curves with triangle symbols represent the corresponding ratio calculated 
in a variant of QMC with a 10% reduction of the bag constant, B (from Ref. [191]). 
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Figure 39: Ratio of electric and magnetic form factors in- medium, divided by the free space 
ratio. As in the previous figure, curves with triangle symbols represent the corresponding 
values calculated in a variant of QMC with a 10% reduction of B (from Ref. [191]). 
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Figure 40: Ratio of in-medium to free space electric and magnetic form factors in specific 
orbits, for ^°Ca and ^o^Pb (from Ref. [191]). 



errors. We find that Ge/Gm runs from roughly 0.41 at = q to 0.28 and 0.20 at = 1 GeV^ and 2 GeV^, 
respectively, for a proton in the Is orbit in ^He or ^^O. The ratio of Ge/Gm with respect to the corresponding 
free space ratio is presented in Fig. 39. The result for the Is-orbit in ^^O is close to that in ^He and 2% 
lower than that for the p-orbits in ^^O. The effect on this ratio of ratios of a reduction in B by the maximum 
permitted from other constraints [190] is quite significant, especially for larger . 

For completeness, we have also calculated the orbital electric and magnetic form factors for heavy nuclei 
such as ^"Ca and ^''^Pb. The form factors for the proton in selected orbits are shown in Fig. 40. Because of the 
larger central baryon density of heavy nuclei, the proton electric and magnetic form factors in the inner orbits 
(lsi/2; lP3/2 ^iid lpi/2 orbits) suffer much stronger medium modifications than those in light nuclei. That is to 
say, the dependence is further suppressed, while the magnetic moments appear to be larger. Surprisingly, 
the nucleons in peripheral orbits (1^5/2, 2si/2) and 1^3/2 for ^°Ca and 2^3/2, l^ii/2) and 3si/2 for ^'^^Pb) still 
show significant medium effects, comparable to those in ^He. 

Finally, we would like to add some comments on the magnetic moment in a nucleus. In the present calcula- 
tion, we have only calculated the contribution from the intrinsic magnetization (or spin) of the nucleon, which 
is modified by the scalar field in a nuclear medium [53] . As shown in the figures we have found that the intrinsic 
magnetic moment is enhanced in matter because of the change in the quark structure of the nucleon. We know, 
however, that there are several, additional contributions to the nuclear magnetic moment, such as meson ex- 
change currents, higher-order correlations, etc. As is well known in relativistic nuclear models like QHD, there 
is a so-called magnetic moment problem in mean-field approximation [198]. To cure this problem, one must 
calculate the convection current matrix element within relativistic random phase approximation (RRPA) [199]. 
However, at high momentum transfer we expect that it should be feasible to detect the enhancement of the 
intrinsic spin contribution which we have predicted because the long-range correlations, like RRPA, should 
decrease much faster in that region. 

So far, we have discussed the QMC model predictions on the bound proton electromagnetic form factors. 
Experimentally, the electromagnetic form factors of bound protons were studied in polarized (e, e'p) scattering 
experiments on ^^O and ^He [6] at MAMI and Thomas Jefferson Laboratory (JLab), respectively. We show in 
Fig. 41 the outcome of the "super ratio", i?/i?pwiA) which was made for the final analysis of the polarization 
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Figure 41: Super ratio R/RpwiA, as a function of Q^, taken from Ref. [6] (by private 
communication with S. Strauch). See caption of Fig. 1 in Ref. [6] for detailed explanations. 
In the figure, "Laget" and "Udias", respectively, correspond to the calculations reported in 
Refs. [200] and [201]. 



transfer measurements on ^He [6] performed at JLab. In Fig. 41, Rpy/iA stands for the prediction based on 
the relativistic plane- wave impulse approximation (PWIA), and the measured ratio R is defined by: 

The analysis concluded that ratio of the electric (G^) to magnetic (G^,/ ) Sachs proton form factors differs by 
~10% in ^He from that in ^H. As can be seen from Fig. 41, conventional models employing free proton form 
factors, phenomenological optical potentials, and bound state wave functions, as well as relativistic corrections, 
meson exchange currents (MFC), isobar contributions and final state interactions [6, 200, 201, 202], all fail to 
account for the observed effect in '^He. Indeed, a better agreement with the data is obtained, in addition to 
these standard nuclear-structure corrections, the small correction associated with the change in the internal 
structure of the bound proton predicted by the QMC model is taken into account. 



4.1.3 Nucleon substructure effect on the longitudinal response functions 

There is still considerable interest in the longitudinal response (LR) for quasielastic electron scattering off 
a nucleus. Within the framework of non-relativistic nuclear models and the impulse approximation, it may 
be difficult to reproduce the observed, quenched LR [203]. In the mid '80s, several groups calculated the LR 
function using QHD-I and argued that the contribution of the relativistic random-phase approximation (RRPA) 
is very vital in reducing the LR [204]. 

Since the nucleon has, however, the internal structure, it may affect the LR for electron scattering [205]. We 
first briefly review the calculation of the LR function for quasielastic electron scattering from (iso-symmetric) 
nuclear matter in QHD [204]. The starting point is the lowest order polarization insertion (PI), H^;/, for the u) 
meson. This describes the coupling of a virtual vector meson or photon to a particle-hole or nucleon-antinucleon 
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excitation: 

^^.uiq) = -igl J j^Tr[G{kh,G{k + g)7.], (284) 

where G{k) is the self-consistent nucleon propagator in relativistic Hartree approximation (RHA). One can 

separate the PI into two pieces: one is the density dependent part, H^^, and the other is the vacuum one, H^j^. 
The former is finite, but the latter is divergent and must be renormalized [205]. 

In the Hartree approximation, where only the lowest one-nucleon loop is considered, the LR function, , is 
then simply proportional to S^{q) oc G'^^{q)'ssTlL{q) ■ Here, Hi(= H33 — Hqo) is the longitudinal (L) component 
of the PI and GpE is the proton electric form factor, which is usually parameterized by a dipole form in free 
space: GpsiQ"^) = 1/(1 + Q^/O.Tl)^ with the space-like four-momentum transfer, = —q^, in units of GeV^. 

In RRPA, the L component of the PI, H^^^, involves the sum of the ring diagrams to all orders. It involves 
the a-uj mixing in the nuclear medium [38, 204, 205], and is given by 

nr\,) = (i-^on-)n^ + ^o"^, (285) 

where is the L dielectric function [57, 58, 205] and Aq is the free a-meson propagator. Here H^ and Ilm are 
respectively the scalar and the time component of the mixed Pis. The vacuum component of the scalar PI is 
again divergent and we need to renormalize it [57, 58, 205]. For the mixed PI there is no vacuum polarization 
and it vanishes at zero density. 

To discuss the effect of changes in the internal structure of the nucleon, we can consider the following 
modifications to QHD: 

1. Meson-nucleon vertex form factor 

Since both the mesons and nucleons are composite they have finite size. As the simplest example, we 
take a monopole form factor, Fn{Q^), at the vertex with a cut off parameter, Ajv = 1.5 GeV [205]. 

2. Modification of the proton electric form factor 

We have studied the electromagnetic form factors of the nucleon in nuclear medium, using the QMC 

model (see section 4.1.1). The main result of that calculation is that the ratio of the electric form factor 
of the proton in medium to that in free space decreases essentially linearly as a function of Q'^, and that 
it is accurately parameterized as RpE{po,Q^) = GpE{po, Q"^) /GpsiQ"^) 1 — 0.26 x at po [187, 205]. 

3. Density dependence of the coupling constants 

In the QMC model, the confined quark in the nucleon couples to the a field which gives rise to an 
attractive force. As a result, the coupling between the a and nucleon is expected to be reduced at finite 
density. The coupling between the vector meson and nucleon remains constant because it is related to 
the baryon number. 

To study the LR of nuclear matter, we first have to solve the nuclear ground state within RHA. To take 
into account the modifications 1 and 3, we replace the a- and cj-nucleon coupling constants in QHD by: 
9s 9s{pb) X Fn{Q'^) and Qv ^ 9v ^ Fn{Q'^), where the density dependence of gsips) is given by solving the 
nuclear matter problem self-consistently in QMC [205]. Requiring the usual saturation condition for nuclear 
matter, we found the coupling constants: g'^(O) = 61.85 and g'^ = 62.61 (notice that decreased by about 
9% at Po). In the calculation we fix the quark mass, niq, to be 5 or 300 MeV [13, 30], = 550 MeV and 

= 783 MeV, while the bag parameters are chosen so as to reproduce the free nucleon mass with the bag 
radius Rn = 0.8 fm (see section 3.1). Within RHA, this yields the effective nucleon mass M*/M = 0.81 at po 
and the incompressibility K = 281 MeV. 

Our result is shown in Fig. 42. The dotted curve is the result of the Hartree approximation, where the 
proton electric form factor is the same as in free space. The dashed curve is the result of the full RRPA, without 
the modifications 1 and 2. The dot-dashed curve shows the result of the full RRPA with the meson-nucleon 
form factor but RpE = 1. The upper (lower) solid curve shows the result of the full RRPA for niq = 5 (300) 
MeV, including all modifications. Because of the density dependent coupling, the reduction of the response 
function from the Hartree result, caused by the full RRPA, is much smaller than that in QHD. In contrast. 
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Figure 42: LR functions in the QMC model. We fix q — 550 MeV and pb — Po (from 
Ref. [205]) - see text for details. 




88 



the modification of the proton electric form factor is very significant, yielding a much bigger reduction in the 
response. We can see that the effect of the meson-nucleon form factor is relatively minor. 

It is also interesting to see the quark mass dependence of the LR. As an example, we consider the case of 
niq = 300 MeV. In comparison with the case ruq = 5 MeV, it is a little smaller and the peak position is shifted 
to the higher energy transfer side. This is related to the smaller effective nucleon mass in the case iriq = 300 
MeV than when niq = 5 MeV. 

The Coulomb sum, C{q) = Jq dqoSL{q,qo), is shown in Fig. 43 as a function of three-momentum transfer, 
g = Ig]. For high q, the strength is about 20% lower in the full calculation (the solid and dot-dashed curves are 
for niq = 5 and 300 MeV, respectively) than for the Hartree response with RpE = 1 (the dotted curve). For 
low q, the full calculation with the constituent quark mass remains much lower than the Hartree result, while 
in case of the light quark mass it gradually approaches the Hartree one. This difference is caused by that the 
effective nucleon mass for niq = 5 MeV being larger in matter than that for niq = 300 MeV. 

It also seems appropriate to comment on the transverse response (TR) from nuclear matter. In Ref. [187], 
it was found that the in-medium modification of the nucleon magnetic form factor within QMC is very small. 
Therefore, one would expect the total change in the TR caused by RRPA correlations and the effect of the 
variation of the structure of the miclcon to be much smaller than in the LR. 

In summary, the reduction of the cr-nucleon coupling constant with density decreases the contribution of 
the RRPA, while the modification of the proton electric form factor in medium reduces the LR considerably. 
The LR or the Coulomb sum is reduced by about 20% in total, with RRPA correlations and the variation of the 
in-medium nucleon structure contributing about fifty-fifty. It will be interesting to extend this work to calculate 
both the LR and TR functions for finite nuclei, and compare directly with the experimental results [206] . 

4.1.4 Axial form factors - neutrino-nucleus scattering 

We first discuss the axial vector form factor of the bound nucleon and its application to neutrino-nucleus 
scattering. At the end of this section, we briefiy summarize the scalar and vector form factors of the in-medium 
nucleon as well. 

The extension to the in-medium modification of the bound nucleon axial form factor G^((5^) can be made 
in a straightforward manner [207]. (Hereafter we denote the in-medium quantities by an asterisk *.) Since the 
induced pseudoscalar form factor, Gp{Q^), is dominated by the pion pole and can be derived using the PCAC 
relation [188], we do not discuss it here. The relevant axial current operator is then simply given by 



where ipq{x) is the quark field operator for fiavor q. Similarly to the case of electromagnetic form factors, in 
the Breit frame the resulting bound nucleon axial form factor is given by ICBM [207] : 



In Fig. 44 we show the in-medium axial vector form factor, G^((5^), divided by that in free space, Ga{Q'^), 
calculated at nuclear densities pB = (0.5,0.7, 1.0, 1.5)/9o with po = 0.15 fm~^. At = the space component 
G\{Q'^ = 0) = g\ is quenched [208, 209] by about 10 % at normal nuclear matter density. The modification 
calculated here may correspond to the "model independent part" in meson exchange language, where the axial 
current attaches itself to one of the two nucleon legs, but not to the exchanged meson [208, 209]. This is 
because the axial current operator in Eq. (286) is a one-body operator which operates on the quarks and pions 
belonging to a bound nucleon. A more detailed discussion will be made later. The medium modification of the 
bound nucleon axial form factor G\{Q'^) may be observed for instance in neutrino-nucleus scattering, similar to 
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Figure 44: The ratio of in-medium to free axial form factors [207]. The free space value, 
Ga{0) = (y^A = 1-14 is used in the calculation. 



that observed in the "EMC-type" experiments (see section 4.2.1), or in a similar experiment to the polarization 
transfer measurements performed on ^He [6]. However, at present the experimental uncertainties seem to be 
too large to detect such a medium effect directly. We should also note that the medium modification of the 
parity-violating structure functions of a bound nucleon in deep-inelastic neutrino induced reactions can 
be extracted using the calculated in-medium axial form factor G\{Q'^) and quark-hadron duality, as we will 
discuss in section 4.2.3. 

Below, we study the effect of the bound nucleon form factors on neutrino-nucleus scattering [210].^ As 
an example, we compute the inclusive ^^C(f^,/i^)X cross sections that have been measured by the LSND 
collaboration [211, 212, 213]. It is known that the existing calculations for the total cross section based on 
the nucleon and meson degrees of freedom overestimate the data by ~30% to ~100% [211, 212, 213, 214]. 
Because our aim is to focus on the effects due to the internal structure change of the bound nucleon, we use 
a relativistic Fermi gas model [215, 216], which is simple and transparent for the purpose, while implementing 
the bound nucleon form factors calculated in the QMC model. Thus, we do not include the other nuclear 
structure corrections [214, 217]. 

Of course, it is difficult to separate exactly the effects we consider here from the standard nuclear-structure 
corrections, particularly from meson exchange current (MEG). However, since the relevant current operators 
in this study are one-body quark (pion) operators acting on the quarks (pion cloud) in the nucleon, double 
counting with the model-dependent MFC [196, 209] (the current operators act on the exchanged mesons) is 
expected to be avoided. The same is also true for the model-independent meson pair currents, because they are 
based on the anti-nucleon degrees of freedom [196, 208, 209]. For the vector current, a double counting with 
MFC may be practically avoided because the analyses for the ^He(e, e'p) ^H experiments [6] have shown. (See 
section 4.1.2.) For the axial-vector current, the quenching of the axial coupling constant {gA = Ga{0)) due to 
the model-independent meson pair currents was estimated [209] using a Fermi gas model. The quenching due 
to the pair currents amounts to only 2% at normal nuclear matter density, thus contributing negligibly to the 
cross section. Hence, the double counting from the interference between the axial-vector and vector currents 

^Because the renormalization of axial- vector form factors are the same for the time and space components in this 
study (quenched), we will not discuss the time component. 
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is also expected to be small, in considering the analyses for the '^}ic{e, e'p) experiments. Thus, the effect 
we consider here, which originates from the change of the internal quark wave function, is additional to the 
standard nuclear-structure corrections. 

Assuming G-parity (no second-class current), the charged-current vector and axial form factors for free 
nucleons with mass Mjv are defined by: 

^Mp), (289) 

I5^us{p), (290) 

where = —{p' —p)'^, and other notations should be self-explanatory. The vector form factors, Fi{Q'^) and 
F2{Q'^), are related to the electric {Ge{Q'^)) and magnetic (Gm{Q'^)) Sachs form factors by the conserved vector 
current hypothesis. The induced pseudoscalar form factor, Gp{Q'^), is dominated by the pion pole and can be 
calculated using the PCAC relation [188]. Nevertheless, the contribution from Gp{Q'^) to the cross section is 
proportional to (lepton mass)^/M|r, and small in the present study. We note that, since there is another vector 
in nuclear medium, the nuclear (matter) four-velocity, various other form factors may arise, in addition to those 
in Eqs. (289) and (290). The modification of the nucleon internal structure studied here may also be expected 
to contribute to such form factors. However, at this stage, information on such form factors is very limited and 
not well under control both in theoretically and experimentally. Thus, we focus on the in-medium changes of 
the free form factors given in Eqs. (289) and (290), and study their effects on neutrino-nucleus scattering. 

As already discussed, the electromagnetic and axial vector form factors in nuclear medium in the Breit 
frame are calculated by ICBM [184]: 

GTMAiQ') = (2^1) 

The explicit expressions for Eq. (291) are given in Eqs. (274), (275) and (288) with proper substitutions. The 
ICBM includes a Peierls-Thouless projection to account for center of mass and recoil corrections, and a Lorentz 
contraction of the internal quark wave function [184, 186]. 

Now we calculate the ratios of the bound to free nucleon form factors, [G'^^I^^ /^e^'m'^'^^'^'^]^ to estimate 
the bound nucleon form factors. Using the empirical parameterizations in free space G^^''l,j [218, 219], the 
bound nucleon form factors G*^ ^ are calculated by 

G*e,m,a{Q'^) = 

Note that the pion cloud effect is not included in the axial vector form factor in the present treatment [207]. 
However, the normalized dependence (divided by qa = Gyi(O) = 1.14) relatively well reproduces the 
empirical parameterization [207]. Furthermore, the relative modification of G\{Q'^) due to the pion cloud is 
expected to be small, since the pion cloud contribution to entire qa is ~8% [188] without a specific center-of- 
mass correction. In the calculation the standard values in the QMC model are used, i.e., the current quark 
mass mq{= niu = md) = 5 MeV assuming SU(2) symmetry, and the free nucleon bag radius Rn = 0.8 fm. 

First, in Fig. 45 we show ratios of the bound to free nucleon form factors calculated as a function of for 
Pb = Po = 0.15 fm~^ (the normal nuclear matter density) and 0.668/9o (the Fermi momentum kp = 225 MeV 
for ^^C). The lower panels in Fig. 45 show the enhancement of momentum dependence of -F^ (Q^) ^^'^ ^^(Q^)' 
as well as the enhancement of ^^1(0) a-^d quenching of G\{0) [53, 187, 207]. Although the modification of the 

dependence is small, we emphasize that this effect originates from change in the nucleon internal structure. 
The main origin of this new dependence is the effect of Lorentz contraction on the quark wave function, 
amplified by the reduced effective nucleon mass. (Sec also Eq. (291).) Note that, the relative change of the 
bound nucleon form factor F2 {Q'^)[G^^ {Q'^)] to that of the free nucleon is an enhancement [quenching] of ^-^8% 
[4%] in ^^C at = 0.15 GeV^, and we are focusing on this relative change. 



(p's'K^mps) = us\p') 
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Figure 45: Calculated ratios for the bound nucleon form factors (from Ref. [210]). 



Now, we investigate the effect of the bound nucleon form factors on charged-current neutrino-nucleus 
scattering. We compute the inclusive ^'^C{iy^, iJ,~)X differential and total cross sections, which have been 
measured by the LSND collaboration [211, 212, 213]. The formalism used in the calculation is described in 
Ref. [215], and that the empirical parameterizations of the electromagnetic [215, 218] and axial [207, 219] form 
factors for the free nucleon. (See Eq. (292).) A relativistic Fermi gas model is used implementing the bound 
nucleon form factors to calculate the differential cross section (da/dE^), averaged over the LSND muon neutrino 
spectrum ^{E„^) [215] for the fuU range of the LSND experimental spectrum [211, 212, 213], < E^,^ < 300 
MeV: 

/ da\ J^{da/dE^)^E,JdE,^ 

\dE,l lo^^HE^JdE^^ ■ ^ ^ 

Fig. 46 shows the result for (da/dE^) calculated using the nucleon masses, Mjv and M]^. For the Fermi 
momentum kp = 225 MeV {pB = 0.668po) for ^^C, we use the QMC calculated value, = 802.8 MeV. A 
moderate quenching of the cross section can be observed due to the in-medium form factors for both cases. 
Although the effective nucleon mass can account for, to some extent, the binding effect (the Hugenholtz-van 
Hove theorem [220]), there is an alternative to include the binding effect, i.e., the "binding energy" Ej^ is 
introduced and the available reaction energy E is replaced by £^ — Eb- In this case, we use the free nucleon 
mass in the calculation. Since Eb is an effective way of accounting for the binding effect [221], we regard Eb as 
a parameter and perform calculations for Eb = 20, 25 and 30 MeV. (E.g., Eb = 25 — 27 MeV is commonly used 
for the ^^O nucleus [222].) We emphasize that our aim is not to reproduce the LSND data, but to estimate the 
corrections due to the bound nucleon form factors. 

In Fig. 47 we present the results of {da/dE^} for Eb = 20, 25 and 30 MeV. 

In both Figs. 46 and 47, the bound nucleon form factors reduce the differential cross section. In Fig. 47, 

as the binding energy Eb increases, the peak position shifts downward for both cases with the free and bound 
nucleon form factors. The similar tendency due to Af^ is also seen in Fig. 46. 

The total cross section is given by integrating Eq. (293) over the muon energy. We denote the cross section 
calculated with the free [bound] nucleon form factors, -Fi,2(<5^) and GA,piQ^) [F*2iQ'^) and G^p((5^)], as 
{a{F,G)) [{a{F* ,G*))]. Thus, {a{F,G)) calculated with and Eb = corresponds to the free Fermi gas 
model result. The results with Eb = and either Mj\f or M]^ are listed in the top group rows in Tabic 22. 
The LSND experimental data [211, 212, 213] are also shown in the bottom group rows in Table 22. As 
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Figure 46: Angle-integrated inclusive ^^C(z/^, fi')X differential cross section as a function of 
the emitted muon energy En using Eb = for all cases (from Ref. [210]). 
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Figure 47: Same as Fig. 46, but using Mjv = 939 MeV for all cases (from Ref. [210]). 
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Table 22: Calculated total cross sections for ^^C(f^,// )X. See the text for notations. 
Notation TVpe of calculation Eb (MeV) {a) in 10"^" cm^ 



M^,Fi,2(g'),GA,p(Q') 32^ 

KF*,^*)) M^,F*2(g2),G':4p(g2) 30.0 

{a{F,G)) MIj,F^^2{Q^),GaAQ^) 28.4 

{a{F*,G*)) Mh,n2iQ'),G*AAQ') 26.2 

{a{F*,G)) Mn,F*^{Q^),GaAQ^) 33.5 

(^(F,^*)) Mm,F,,2{Q''),GXp{Q^) 29.1 

RF^Gjj M^,Fi,2(g'),GA!p(g') 20 16A 

{aiF*,G*)) Mn,F*^{Q^),G*ap{Q^) 20 14.8 

{a{F,G)) Mn,fUQ^),GaAQ') 25 13.2 

{a{F*,G*)) Mn,F*^{Q'),G\p{Q^) 25 12.2 

((7(^,6-)) Mn,F,,2{Q^),GaAQ^) 30 10.7 

M^,F*2(Q2),GXp(Q') 30 9.9 

Experiment [211] (2002) 10.6 ± 0.3 ± 1.8 
Experiment [212] (1997) 11.2 ± 0.3 ± 1.8 
Experiment [213] (1995) 8.3 ± 0.7 ± 1.6 



expected [211, 212, 213], the free Fermi gas result overestimates the data by a factor of three. The results 
obtained using the bound nucleon form factors, with either M^r or M"^, similarly overestimate the LSND data. 
In order to make discussions more quantitative, we define a ratio: 

R{6a) ^ [{a{F, G)) - {a{F\G*))] / {a{F, G)) . (294) 

For the total cross sections calculated with (Mj^, M^) and Ep = 0, we get R(5a) = (7.7,7.7)%, respectively. 
Thus, the correction due to the bound nucleon form factors to the total cross section is not sensitive to Mjv or 
in the case of Eb = 0. 

Next, we investigate which bound nucleon form factor gives dominant corrections to the total cross section. 
We calculate the total cross section with Mjy, using the free and bound form factors for two cases, [Fi2iQ'^) 
and Ga,p{Q^)] and [Fi^2{Q^) and G\AQ^)]. They are denoted by {a{F*,G)) and {a{F,G*)), respectively. 
The results are given in the middle group rows in Table 22. Together with the results in the upper group rows 
in Table 22, we obtain inequalities for the total cross sections calculated with Mn and Eb = 0: 

{a{F,G*)) < {<7{F*,G*)) < {<t{F,G)) < (c7(F*,G)) . (295) 

This shows that the most dominant reduction is driven by the axial form factor, G^(Q^). (The induced 
pseudoscalar form factor Gp{Q^) gives only a few percent contribution when calculated using all free form 
factors.) Furthermore, F*2{Q'^) enhance the total cross section (mostly due to F|(Q^)), as can be seen from 
the lower panel in Fig. 45. 

The total cross sections for Ep = 20, 25 and 30 MeV are listed in the bottom group rows in Table 22. 
The bound nucleon form factors for these cases also reduce the total cross section relative to those calculated 

with the free form factors. In addition, the results are rather sensitive to the values for Ep- However, wc find 
R{6a) = (8.1,7.6,7.5)% for Ep = (20, 25, 30)MeV, respectively. Thus, the effect of the bound nucleon form 
factors to the reduction rate is again not sensitive to Eb- To draw a more definite conclusion, it is essential to 
perform a more precise, elaborate calculation within the framework of RPA [215] including the effect of bound 
nucleon form factors. However, even at the present stage, it is important to point out that the correction due 
to the in-medium form factors arising from the bound nucleon internal structure change, could be significant 
for a precise estimate of the charged-current neutrino-nucleus cross section. 
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Finally, we here comment on the scalar and vector form factors of the in-medium nucleon. Using the QMC 
model, it is possible to calculate the form factors at a- and w-nucleon strong-interaction vertices in nuclear 
matter. In Ref. [223], the Peierls-Yoccoz projection technique is used to take account of center of mass and 
recoil corrections, and the Lorentz contraction is also applied to the internal quark wave function. The form 
factors arc reduced by the nuclear medium relative to those in vacuum. At normal nuclear matter density and 

= 1 GeV^, the reduction rate in the scalar form factor is about 15%, which is almost identical to that in 
the vector one. One can parameterize the ratios of the form factors in symmetric nuclear matter to those in 
vacuum as a function of nuclear density and momentum transfer [223] . 

4.2 Quark-hadron duality, the nuclear EMC effect and nuclear structure functions 
4.2.1 The nuclear EMC effect 

The European Muon Collaboration (EMC) effect tells us the fact that a nuclear structure function measured 

in deep inelastic scattering in the valence quark regime (Bjorken variable x > 0.3) is considerably reduced 
compared with that of a free nucleon [224]. Despite much experimental and theoretical progress [3], no unique 
and universally accepted explanation of the EMC effect has yet emerged. Because the measurements in deep 
inelastic scattering are performed at very high momentum transfers, we can expect that the observed results 
really reflect quark degrees of freedom in a nucleus. The simple parton model interpretation is that a quark 
in the bound nucleon carries less momentum than in free space seems uncontested, but its underlying origin is 
still elusive. 

The most popular explanation may be the conventional nuclear binding effect that is responsible for the 
depletion of the quark momentum in matter. It then suggests that the nuclear structure function, F2^{x), can 
be expressed by the following convolution form: 

= jdy fN/A{y)F^{x/y), (296) 

where F2 is the free nucleon structure function, and the light front distribution function fN/Aiu): which gives 
the probability that a nucleon carries a fractional momentum y of the nucleus A. If is the momentum of a 
nucleon and P'* is the momentum of the target nucleus, y = {k^ + k^)A/P~^ = (k'^ + k^)A/MA = {k^ + k^)/MN, 
in which the nucleus is taken to be at rest with P"*" = Ma {Ma the nuclear mass). One can easily use 
conventional nuclear physics to obtain the probability that a nucleon carries a three momentum k but if one 
uses only naive considerations, one faces a puzzle when deciding how to choose the value of k^. Should one use 
the average separation energy or the average nucleon mass Mn, or possibly the effective mass in the chosen 
many-body theory ? 

In the binding explanation, k^ is usually given by the free nucleon mass M^r minus the average separation 
energy e. Then, fj^/Aiv) is narrowly peaked at y = 1 — e/Mjv (e becomes as much as 70 MeV for infinite nuclear 
matter [225, 226]), which thus leads to a significant reduction in the value of the nuclear structure function (see 
also Ref. [227]). However, in any case, it is necessary to supply a derivation to avoid the need to arbitrarily 
choose a prescription for k^ . 

To do this, one needs to develop the light front dynamics for nuclear system [228] because, in the parton 
model, X is the ratio of the plus component of the momentum of the struck quark to that of the target and 
it is the plus component of the momentum which was observed to be depleted by the EMC. In Ref. [4, 228], 
the function fN/Aiv) is shown to be the one which maintains the covariance of the formalism, and in which 
the nucleons carry the entire plus-momentum P"*" of the nucleus. This result is obtained independently of the 
specific relativistic mean field theory used, so no such theory contains the binding effect discussed above. The 
only binding effect arises from the average binding energy of the nucleus (16 MeV for infinite nuclear matter 
and 8 MeV for a finite nucleus) , and is far too small to explain the observed depletion of the structure function. 
This conclusion has also been obtained by Birse [229]. 

The generality of this result may be supported by the Hugenholtz-van Hove theorem [220], which states 
that the energy of the level at the Fermi surface, Ep, is equal to the nuclear mass divided by A: 

Ep = Ma/A = Mn. (297) 
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This theorem is the consequence of using the condition that the total pressure of the nucleus vanishes at 
equilibrium, and the assumption that nucleons are the only degrees of freedom contributing to the nuclear 
energy. Thus this theorem is a signal that P+ = or that nucleons account for the entire plus momentum 
of the nucleus. 

Thus, the relativistic mean- field approach may lead to results in severe disagreement with experiment, i.e., 
the depth of the minimum in the EMC ratio is not monotonically decreasing with A, and it has a smaller 
magnitude than experiment [4]. Furthermore, the plus momentum distributions give (y) ~ 1 which indicates 
that nearly all of the plus momentum is carried by the nucleons. In order to reproduce the data, the nucleon plus 
momentum must be decreased by some mechanism that becomes more important at larger A. Nucleon-nucleon 
correlations cannot take plus momentum from nucleons, and explicit mesonic components in the nuclear Fock 
state wave function carrying plus momentum are limited by Drell-Yan experiments [230] . Therefore, it appears 
that the nuclear EMC effect must be due to something outside of conventional miclcon-mcson dynamics. 

It is of great interest to apply the QMC model to explain the nuclear EMC effect, because the quarks 
in the bound nucleon respond to the nuclear environment and the quark eigenvalue, xq, decreases in matter 
(see section 3.1). That should be responsible for the depletion of the quark momentum in a nucleus. In 
Ref. [231, 232], the quark momentum distribution function, q^^{x), in nucleus A was calculated using the 
QMC model 

qf{x) = I d'r pA{r)q^^]Ax,kF{r)). (298) 

where, for simplicity, the local-density approximation is assumed and pA is the nuclear density distribution 
(pA(r) = 2/(37r^)A;i;'(r)^, kp the local Fermi momentum). The distribution of valence quarks in nuclear matter 
is then given by 

9S?m(^'^^W) = y dy fN/A{y,kF{r))q''^\x/y,kF{r),i?), (299) 
where the Fermi motion is incorporated as a convolution of fj\f/A with the quark distribution function of the 

(2) 

bound nucleon, (z]v^y^, which is calculated in terms of the nucleon bag model [233] with the scalar and vector 
mean-fields generated by QMC. For a free nucleon, the dominant intermediate state is a two-quark bag, while 
for nuclei it is the two-quark bag state bound to the residual (A — 1) nuclear debris. 

Using this framework, wc have found that the usual impulse approximation, in which the interaction of the 
intermediate two-quark bag state with the rest of the nucleus is ignored, gives an overestimate of the nuclear 
EMC effect by a factor of two or three [231, 232]. In contrast, the inclusion of the interaction between the two- 
quark bag and the debris can provide a reasonable amount of the nuclear EMC effect [231, 232]. This outcome 
is physically very sensible. The nuclear binding is the result of the attractive scalar mean-field experienced by 
the three constituent quarks. By ignoring the binding of the pair of spectator quarks, that is, by treating the 
quarks as though they were free in the nucleus, it is assumed that the kinematics of the hard scattering of the 
quark struck by the virtual photon carries the binding of all three quarks. This is clearly not correct. 

In Refs. [231, 232], the calculation is somewhat crude and needs to be made more realistic one. Nevertheless, 
the physical insight gained is much more general. Recently, Miller et al. have performed similar calculations 
using the QMC model supplemented by the chiral quark-soliton picture [5] . They concluded that their model can 
simultaneously describe the nuclear EMC effect and the related Drell-Yan experiments. Finally, we mention that 
Cloet et al. [77] have taken the covariant generalization the QMC model developed by Bentz and Thomas [75] 
and shown that not only does it reproduce the EMC effect in nuclear matter but that it predicts a nuclear 
effect on the proton spin structure function which is twice as large as in the unpolarized case. It is clearly very 
important to pursue this prediction experimentally as soon as possible. 

4.2.2 Bloom-Gilman duality and the nuclear EMC effect 

The relationship between form factors and structure functions, or more generally between inclusive and exclusive 

processes, has been studied in a number of contexts over the years. Drell & Yan [234] and West [235] pointed 
out long ago that, simply on the basis of scaling argTiments, the asymptotic behavior of elastic electromagnetic 
form factors as ^ oo can be related to the x ^ 1 behavior of deep-inelastic structure functions. 



96 



Furthermore, the relationship between resonance (transition) form factors and the deep-inelastic continuum 
has been studied in the framework of quark-hadron, or Bloom-Gilman [34], duality: the equivalence of the 
averaged structure function in the resonance region and the scaling function which describes high W data. The 
high precision Jefferson Lab data [236] on the F2 structure function suggests that the resonance-scaling duality 
also exists locally, for each of the low- lying resonances, including surprisingly the elastic [237], to rather low 
values of Q^. (For a recent extensive review on quark-hadron duality, see Ref. [238].) 

In the context of QCD, Bloom-Gilman duality can be understood within an operator product expansion of 
moments of structure functions [239, 240]: the weak dependence of the low F2 moments can be interpreted 
as indicating that higher twist (l/Q^ suppressed) contributions are either small or cancel. However, while 
allowing the duality violations to be identified and classified according to operators of a certain twist, it does 
not explain why some higher twist matrix elements are intrinsically small. 

Whatever the ultimate microscopic origin of Bloom-Gilman duality, for our purposes it will be sufficient 
to note the empirical fact that local duality is realized in lepton-proton scattering down to ~ 0.5 GeV^ at 
the 10-20% level for the lowest moments of the structure function. In other words, here we are not concerned 
about why duality works, but rather that it works. 

Motivated by the experimental verification of local duality, one can use measured structure functions in the 
resonance region to directly extract clastic form factors [239] . Conversely, empirical electromagnetic form factors 
at large can be used to predict the x ^ 1 behavior of deep-inelastic structure functions [34, 241, 242, 243]. 
The assumption of local duality for the elastic case implies that the area under the elastic peak at a given is 
equivalent to the area under the scaling function, at much larger Q^, when integrated from the pion threshold 
to the elastic point [34]. Using the local duality hypothesis, de Riijula et al. [239], and more recently Ent et 
al. [237], extracted the proton's magnetic form factor from resonance data on the F2 structure function at large 
X, finding agreement to better than 30% over a large range of Q2 (0.5 ^ g2 < 5 GeV2). In the region Q ~ 1— 
2 GeV^ the agreement was at the ~ 10% level. An alternative parameterization of F2 was suggested in Ref. [244] , 
which because of a different behavior in the unmeasured region ^ ~ 0.86, where ^ = 2.x/(l + y^l + x'^/r) is the 
Nachtmann variable, with r = Q'^/AM^, led to larger differences at ~ 4 GeV^. However, at ~ 1 GeV^ 
the agreement with the form factor data was even better. As pointed out in Ref. [245], data at larger ^ are 
needed to constrain the structure function parameterization and reliably extract the form factor at larger Q"^. 
Furthermore, since we will be interested in ratios of form factors and structure functions only, what is more 
relevant for our analysis is not the degree to which local duality holds for the absolute structure functions, but 
rather the relative change in the duality approximation between free and bound protons. 

Applying the argument in reverse, one can formally differentiate the local elastic duality relation [34] with 
respect to to express the scaling functions, evaluated at threshold, x = Xth = Q^/(W^th ~ + Q'^)i ^^^^ 
Wth = + JTi-TT, in terms of derivatives of clastic form factors. Explicit explanations and derivations 
will be given in section 4.2.3 for the case of the bound nucleon. In Refs. [34, 242] the x ^ 1 behavior of the 
neutron to proton structure function ratio was extracted from data on the elastic electromagnetic form factors. 
(Nucleon structure functions in the x ~ 1 region are important as they reflect mechanisms for the breaking 
of spin-flavor SU(6) symmetry in the nucleon [246].) Extending this to the case of bound nucleons [247], one 
flnds that as -^^ 00 the ratio of bound to free proton structure functions is: 

Fr ^ dG^^'w 

Fi ^ dG-J/dQ2 • 

At flnite there are corrections to Eq. (300) arising from and its derivatives, as discussed in Ref. [242]. 
(In this analysis we use the full, dependent expressions [242, 243].) Note that in the nuclear medium, the 
value of X at which the pion threshold arises is shifted: 

* _ f m^(2Mjv + m^) + Q2 ^ 
" """^ ~ [m,{2{M*^ + 3VS) + m^) + Q^ 

where = g-^u) is the vector potential felt by the nucleon and (consistent with chiral expectations and 
phenomenological constraints) we have set m* = m-j^. However, the difference between Xfh and has a 
negligible effect on the results for most values of x considered. 
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Figure 48: In-medium to free proton F2 structure function ratio as a function of x at thresh- 
old, X = Xth, extracted from the polarization transfer data [6] within the QMC model and 
local duality, at nuclear matter density, p = po, and at p = |po (solid) with po = 0.15 fm~^. 
For comparison the results of the PLC suppression model [248] are shown for ^He and ^^O 
(dashed) (from Ref. [247]). 



Using the duality relations between electromagnetic form factors and structure functions, in Fig. 48 we plot 
the ratio F2* /F2 as a function of x, with x evaluated at threshold, x = x^^ (solid lines). Note that at threshold 
the range of spanned between x = 0.5 and x = 0.8 is « 0.3-1.1 GeV^. Over the range 0.5 ~ x ~ 0.75 
the effect is almost negligible, with the deviation of the ratio from unity being ~ 1% for p = and 
for p = Po (Po = 0-15 fm~^). For x ~ 0.8 the effect increases to ~ 5%, where, larger x corresponds to larger 
Q^, and the analysis in terms of the QMC model becomes unreliable for x ~ 0.9. However, in the region 
where the analysis can be considered reliable, the results based on the bound nucleon form factors inferred 
from the polarization transfer data [6] and local duality imply that the nucleon structure function undergoes 
small modification in medium. 

It is instructive to contrast this result with models of the EMC eflFect in which there is a large medium 
modification of nucleon structure. For example, let us consider the model of Ref. [248], where it is assumed that 
for large x the dominant contribution to the structure function is given by the point-like configurations (PLC) of 
partons which interact weakly with the other nucleons. The suppression of this component in a bound nucleon 
is assumed to be the main source of the EMC effect. This model represents one of the extreme possibilities that 
the EMC effect is solely the result of deformation of the wave function of bound nucleons, without attributing 
any contribution to nuclear pions or other effects associated with nuclear binding [249] . Given that this model 
has been so successfully applied to describe the nuclear EMC effect, it is clearly important to examine its 
consequences elsewhere. 

The deformation of the bound nucleon structure function in the PLC suppression model is governed by the 
function [248]: 

6{k) = l-2{k'^/2MN + eA)/AEA, (302) 
where k is the bound nucleon momentum, €a is the nuclear binding energy, and AEa ~ 0.3-0.6 GeV is a 
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nucleon excitation energy in the nucleus. For x ^ 0.6 the ratio of bound to free nucleon structure functions is 
then given by [248]: 



5{k). 



(303) 



The X dependence of the suppression effect is based on the assumption that the point-hke configuration contri- 
bution in the nucleon wave function is negligible at x ~ 0.3 {F2*/F2 = 1), and for 0.3 -^^ x ~ 0.6 one linearly 
interpolates between these values [248]. The results for ^He and ^^O are shown in Fig. 48 (dashed lines) for 
the average values of nucleon momentum, (/c^), in each nucleus. The effect is a suppression of order 20% in the 
ratio F2*/F2 for x ~ 0.6-0.7. In contrast, the ratios extracted on the basis of duality, using the QMC model 
constrained by the ^He polarization transfer data [6], show almost no suppression (~ 1-2%) in this region. (See 
section 4.1.2.) Thus, for ^He, the effect in the PLC suppression model is an order of magnitude too large at 
X ^ 0.6, and has the opposite sign for x ^ 0.65. 

Although the results extracted from the polarization transfer measurements [6] rely on the assumption 
of local duality, we stress that the corrections to duality have been found to be typically less than 20% for 
0.5 ~ ~ 2 GeV^ [236, 244]. The results therefore appear to rule out large bound structure function 
modifications, such as those assumed in the point-like configuration suppression model [248], and instead point 
to a small medium modification of the intrinsic nucleon structure, complemented by standard binding effects. 

As a consistency check on the analysis, one can also examine the change in the form factor of a bound 
nucleon that would be implied by the corresponding change in the structure function in medium. Namely, from 
the local duality relation [239, 243]: 



one can extract the magnetic form factor by integrating the F2 structure function over ^ between threshold, 
C = Cth) and C = 1- Here ^0 = ^{x = 1), and iJ,p is the proton magnetic moment. In Fig. 49 we show the 
PLC model predictions for the ratio of the magnetic form factor of a proton bound in '^He to that in vacuum, 
derived from Eqs. (303) and (304), using the parameterization for -Ff (0 from Rcf. [237], and an estimate for the 
in-medium value of /n* shown in Fig. 37. Taking the average nucleon momentum in the ^He nucleus, k = {k), 
the result is a suppression of about 20% in the ratio Gr^^/Cy'j^ at ~ 1-2 GeV^ (solid curve). Since the 
structure function suppression in the PLC model depends on the nucleon momentum (Eq. (302)), we also show 
the resulting form factor ratio for a momentum typical in the {e,e'p) experiment, k = 50 MeV (long dashed). 
As expected, the effect is reduced, however, it is still of the order 15% since the suppression also depends on 
the binding energy, as well as on the nucleon mass, which changes with density rather than with momentum. 
In contrast, the QMC calculation, which is consistent with the MAMI and JLab ^He quasi-elastic data [6] 
(see section 4.1.2), produces a ratio which is typically 5-10% larger than unity (dashed). Without a very 
large compensating change in the in-medium electric form factor of the proton (which seems to be excluded 
by y-scaling constraints) , the behavior of the magnetic form factor implied by the PLC model -|- duality would 
produce a large enhancement of the polarization transfer ratio, rather than the observed small suppression [6]. 

In the context of the QMC model, the change in nucleon form factors allowed by the data imply a mod- 
ification of the in-medium structure function of ~ 1-2% at 0.5 ~ x ~ 0.75 for all nuclear densities between 
nuclear matter density, p = po, and p = ^pQ. While the results rely on the validity of quark-hadron duality, the 
empirical evidence suggests that for low moments of the proton's F2 structure function the duality violations 
due to higher twist corrections are ~ 20% for ~ 0.5 GeV^ [236], and decrease with increasing Q^. 

The results place rather strong constraints on models of the nuclear EMC effect, especially on models which 
assume that the EMC effect arises from a large deformation of the nucleon structure in medium. For example, 
we find that the PLC suppression model [248] predicts an effect which is about an order of magnitude larger 
than that allowed by the data [6], and has a different sign. The findings therefore appear to disfavor models 
with large medium modifications of structure functions as viable explanations for the nuclear EMC effect, 
although it would be desirable to have more data on a variety of nuclei and in different kinematic regions. 
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Figure 49: Ratio of in-medium to free proton magnetic form factors, extracted from the PLC 
suppression model [248] for the EMC ratio in ^He, using the Fj' data from Refs. [236, 237] 
and local duality, for k = (k) (solid) and k = 50 MeV (long-dashed). The QMC model 
prediction (short-dashed) is shown for comparison (from Ref. [247]). 



These results have other important practical ramifications. For instance, the PLC suppression model was 
used [250] to argue that the EMC effects in ^Hc and "^H differ significantly at large x, in contrast to calcula- 
tions [251, 252] based on conventional nuclear physics using well-established bound state wave functions which 
show only small differences. Based on the findings presented here, one would conclude that the conventional 
nuclear physics description of the ^He/^H system should indeed be a starting point for nuclear structure func- 
tion calculations, as the available evidence suggests little room for large off-shell corrections. On top of this, 
we expect a small correction due to the change of the internal structure of the bound nucleon, as discussed 
in section 4.1.2, would indeed reflect the real explanation. Finally, let us stress that quark-hadron duality is 
a powerful tool with which to simultaneously study the medium dependence of both exclusive and inclusive 
observables, and thus provides an extremely valuable guide toward a consistent picture of the effects of the 
nuclear environment on nucleon substructure. 



4.2.3 Bloom-Gilman duality and the nuclear structure functions 

As we discussed in section 4.2.2, we can study the nuclear structure functions at large Bjorken-x based on 
the Bloom-Gilman duality [253]. Since, our main concern is to see the effect of the bound nucleon internal 
structure change included entirely in the bound nucleon form factors and the pion threshold in a nuclear 
medium, the elastic contribution to the bound nucleon structure functions for charged-lepton scattering may 
be given by [241, 242, 243]: 

F^* = l{Gl,fdix-l), (305) 



^ {G*Ef + r{G*Mf 6{x-l), (306) 



1+T 

= ^^^G*MiG*E + TG*M)Six-l), (307) 
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2(1 +r) 

while those for (anti) neutrino scattering for an isoscalar nucleon, N = ^(p + n), may be given by [254]: 

1 
4 



:^WNBN* 



iG\;f + il + l/r)iG\r Six-1), 



jpWNBN* 



TpWNBN* 



1 + r 



+ {g: 



6ix - 1) 



= gI;g*^s{x-i), 



(308) 



(309) 

(310) 
(311) 



where r = Q^/AM^ {Mn, the free nucleon mass) and x the Bjorken variable. G*^ [G*^] is the bound nucleon 

electric [magnetic] Sachs form factor, G^*^ = G^*^ — G^j^ the corresponding isovector electromagnetic form 
factors, and G*^ is the (isovector) axial vector form factor [210, 254]. 

Using the Nachtmann variable, ^ = 2x/(l + ^1 + x^/r), local duality equates the scaling bound nucleon 
structure function F| and the contribution from F^^* of Eq. (306): 



(312) 



where is the value at the pion threshold in a nuclear medium given below. Below, we consider symmetric 
nuclear matter, and we can assume that the pion mass in- medium (m*) is nearly equal to that in free space 
(m^), and may be given by [247]: 

eth = i{<h), (313) 



with 



m^(2Mjv + m7r) + 



^*'*"^*V,[2(Mj^ + 3yJ)+m,]+Q2' m,(2Mjv + m,) + Q2' ^"^ > 

where x^^^ [xth] is the Bjorken-x at the pion threshold in medium [free space], and M]l^ and ?)VJ arc respectively 
the effective mass and the vector potential of the bound nucleon. Inserting Eq. (306) into the r.h.s. of Eq. (312), 
we get [242, 243, 255]: 
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{G*e? + t{G*^? 



1 + r 



(315) 



where = ^{x = 1). The derivative in terms of Qj^ in both sides of Eq. (315) with fixed gives [242, 243, 254]: 
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where (3* = (Q /M^){^q/^^^)[{2 — Q^/x1f^/{A — 2^o)]- Similarly, we get expressions for other bound nucleon 



structure functions at x = x^^: 
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Figure 50: Ratios for the charged-lepton scattering structure functions ¥1^2/^1,2-, those ex- 
tracted using the bound and free nucleon form factors. Effect of Fermi motion is included by 

the convohition with the nucleon momentum distribution [4] for both the structure functions 
extracted using the free and bound nucleon form factors, and then ratios are calculated (the 
dashed lines denoted by "with Fermi") (from Ref. [253]). 



First, we show in Figs. 50 and 51 ratios of the bound to free nucleon structure functions without the effect 
of Fermi motion (dash-doted Unes), calculated for the charged-lepton scattering for baryon densities pb = Po 
with Po = 0.15 fm~^. 

Because xth = (0.7,0.9) in free space (sec also Eq. (314)) correspond to ~ (0.65,2.5) GeV^, we regard 
the results shown in the region, 0.7 ^ x ^ 0.9, as the present local duality predictions. The corresponding 
range is also more or less within the reliability of the bound nucleon form factors calculated [6, 187, 210]. In 
the region, 0.8 ~ a; ~ 0.9, all the bound nucleon structure functions calculated, Fj*2 and (7*1,2, are enhanced 
relative to those in a free nucleon. (We have checked that also the enhancement becomes larger as the baryon 
density increases.) However, the depiction observed in the EMC effect, occurring just before the enhancement 
as X increases, is absent for all of them. Probably, the conventional binding effect, which is not entirely included 
in the present study, may produce some depletion [232] . (We may note also that the conclusion drawn by Smith 
and Miller [4] , that the depletion of the deep inelastic nuclear structure functions observed in the valence quark 
regime, is due to some effect beyond the conventional nucleon-mcson treatment of nuclear physics.) Thus, only 
the effect of the bound nucleon internal structure change introduced via the bound nucleon form factors and 
the pion threshold shift in the present local duality framework, cannot explain the observed depletion in the 
EMC effect for the relevant Bjorken-x range 0.7 ~ a; ~ 0.85. However, it can explain a part of the enhancement 
at large Bjorken-x {x ~ 0.85). 

In order to sec whether or not the conclusions drawn above arc affected by Fermi motion, we also calculate 
the ratios by convoluting the nucleon momentum distribution obtained in Ref. [4] with the value Mjv = 931 
MeV. (See Eq. (297).) Namely, we convolute the nucleon momentum distribution with both the structure 
functions extracted using the free and bound nucleon form factors first, and then calculate ratios. The corre- 
sponding results are shown in Figs. 50 and 51 (dashed lines, denote by "with Fermi"). Note that, because the 
upper value of xth{x'^^ ~ 0.91) is limited for a reliable extraction of the structure functions by the reliable 

range for the nucleon elastic form factors in the present case, we had to cut the contribution from the 
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Figure 51: Same as Fig. 50, but for 9*12/91,2 (from Ref. [253]). 



region, xth > xj^"^, in the convolution integral. This would effectively suppress the enhanced part of the bound 
nucleon structure functions. The obtained results show a similar feature, except the region ~ 0.8. However, 
even the region x^/i ~ 0.8, the enhancement feature remains the same. Thus, we conclude that, the obtained 
enhancement of the bound nucleon structure functions 2 and g\ 2 in the charged lepton scattering, is intrinsic 

and not smeared by the effect of Fermi motion. This is more obvious in the region 0.7 ~ xth ~ 0.8. In that 
region, the effect of Fermi motion is nearly canceled out in the ratios, as one could expect. 

Next, we show in Fig. 52 the bound nucleon structure functions calculated from a charged current, i^i^^*, 
together with those in vacuum for the (anti)neutrino scattering. For a reference, we show also ^F2^ = 
T'^ (i^2 + ^2) vacuum for the charged- lepton scattering. The effect of Fermi motion is included in the same 
way as that was included in the charged-lepton scattering case. Similarly to the charged-lepton scattering case, 
Fi^2%* ™ symmetric nuclear matter are enhanced at large x without the effect of Fermi motion, but only in 
the region, 0.85 ~ a; ~ 0.9. This is due to the contribution from the in- medium axial vector form factor G^. 
Although G*^ falls off faster than the free space Ga in the range ~ 1 GcV^, the dependence turns out 
to be slightly enhanced in the range ~ 1 GeV^, due to the Lorentz contraction of the internal quark wave 
function of the bound nucleon [210]. Then, the contribution from the ~ 1 GeV^ region gives a suppression. 
(See Eqs. (320)-(322), but neglecting small contributions from the non-derivative terms with respect to Q^, 
which are suppressed by ~ 1/r^ as increases.) With the effect of Fermi motion, the enhancement and 
quenching features at xth ^ 0.8 are less pronounced because of the convolution procedure applied in the 
present treatment. 

After having calculated F| for both the charged-lepton and (anti) neutrino scattering, we can study also 
charge symmetry breaking in parton distributions focusing on the effect of the bound nucleon internal structure 
change. In free space, it was studied in Ref. [254] based on the local duality. A measure of charge symmetry 
breaking in parton distributions at x = may be given by [254] : 
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Figure 52: Structure functions calculated for (anti)neutrino scattering (for an isoscalar nu- 
cleon), for baryon density pb — and po- For a reference, ^■^2'^ = + for the 

charged- lepton scattering in vacuum is also shown (top panel). Ratios are shown for both 
with and without the effect of Fermi motion. (See also caption of Fig. 50 for the effect of 
Fermi motion.) (Taken from Ref. [253].) 



In Fig. 53 we show normalized ratios, divided by ^ iFj^-^* + 8^2'^* , for baryon densities pe = and po with 
and without the effect of Fermi motion. The results show that the charge symmetry breaking in symmetric 
nuclear matter is enhanced due to the effect of the bound nucleon internal structure change. (We have checked 
that the breaking becomes larger as the baryon density increases.) Note that, because the quantity is the ratio 
by definition, it is very insensitive to the effect of Fermi motion in entire region of Xth considered. Thus, charge 
symmetry breaking looks to be more appreciable in nuclei than in the case of a free nucleon, and / or could affect 
fragmentation in heavy ion collisions. In particular, the results imply that the NuTeV anomaly [256], which was 
observed in the measurements using iron target, would be enhanced even more than the analysis made [254] in 
free space. (Sec e.g., Rcf. [257] for detailed discussions.) However, the present status of experimental accuracies 
would not allow to detect the effect distinctly. 

We summarize the results and conclusions of the present study based on the local quark-hadron duality: 

1. The effect of the change of the bound nucleon internal structure in the nuclear medium is to enhance 
the structure functions at large Bjorken-x (x ^ 0.85) for charged-lepton scattering and especially F^^^ 
in (anti) neutrino scattering. 

2. The X dependence of the bound nucleon structure functions obtained for the charged-lepton scattering 
and i^2^^ in (anti) neutrino scattering is different. Namely, the former [latter] is enhanced [quenched] in 

the region 0.8 ~ x ~ 0.9 [0.7 ~ x ~ 0.85]. 

3. The effect of the change in the bound nucleon internal structure change cannot explain the depletion 
observed in the EMC effect (for the charged-lepton scattering) for the relevant Bjorkcn-x range in this 
study, 0.7 ~ X 0.85, but it can explain a part of the enhancement occurring in the larger region of x. 

4. Charge symmetry breaking in parton distributions in nuclei, or higher baryon densities, would be en- 
hanced relative to that in free space by the internal structure change of a bound nucleon. 
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Figure 53: Normalized ratios, divided by 
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in parton distributions, for baryon densities = and Pq, 
Fermi motion. (See also caption of Fig. 50 for the effect of Fermi motion.) (Taken from 
Ref. [253].) 



5. The conclusions obtained above are insensitive to the effect of Fermi motion in the treatment of the 
present study. 

Finally, we note again that the present study has not included in a rigorous manner the conventional nuclear 
effects, such as binding and Fermi motion. However, even solely from the present results, we can conclude 
that, in addition to the conventional nuclear effects, the effect of a change in the internal structure of a bound 
nucleon may be appreciable in various nuclear structure functions at large Bjorken-x. 

5 Hadronic reactions in nuclear medium 

We now turn to the study of how the internal structure changes of hadrons can have an impact on hadronic 
reactions. As examples, we discuss subthreshold kaon production, D and D meson production in nucleus, and 
J/tp suppression in heavy ion collisions in sections, 5.1, 5.2 and 5.3, respectively. 

5.1 Subthreshold kaon production and in-medium effects 

The properties of kaons in nuclear matter have recently attracted enormous interest because of their capacity 
to signal chiral symmetry restoration or give information on the possibility of kaon condensation in neutron 
stars [1, 258, 259, 260, 261]. Studies with a variety of models [130, 262, 263, 264] indicate that the antikaon 

potential is attractive while the kaons feel a repulsive potential in nuclear matter. The results from kaonic 
atoms [265], as well as an analysis [266, 267, 268, 269, 270] of the production from heavy ion collisions [271, 
272, 273, 274, 275], are in reasonable agreement with the former expectation for antikaons. However, the 
analysis of available data on production from heavy ion collisions at SIS energies [273, 274, 275, 276] 
contradicted the predictions that the kaon potential is repulsive. The comparison between the heavy ion 
calculations and the data [268, 269, 270, 276, 277] indicated that the ii' "'"-meson spectra were best described 
by neglecting any in-medium modification of the kaon properties. Furthermore, the introduction of even a 
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Figure 54: Total potential Utot for nucleon and A-hyperon shown as a function of the baryon 
density, pb, in units of the nuclear matter saturation density, po=0.15 fm~^ (from Ref. [283]). 



weakly repulsive i^T^-nucleus potential usually resulted in a substantial underestimate of the experimental data 
on kaon production. However, subsequent studies including the in-medium modification of kaon property [278, 
279, 280, 281, 282] all suggest that the repulsive JT''" -nucleus potential can be consistently incorporated in kaon 
production simulations. The main uncertainties lie in the elementary kaon production cross sections which 
can not be constrained by experiments, those involving the A(1232) resonance. They serve as dominant kaon 
production mechanisms. Keeping this point in mind, however, we would like to study the impact of property 
changes of kaon, nucleon, hyperons in nuclear medium on subthreshold kaon production in heavy ion collisions. 

Since in heavy ion collisions at SIS energies [271, 272, 273, 274, 275] a lot of ET^-mesons are expected to be 
produced by secondary pions, we investigate the kaon production reactions, tt+N^Y+K (Y = A,T, hyperons), 
in nuclear matter [283]. To do this, we combine the in-medium property changes of hadrons predicted by the 
QMC model with earlier studies of kaon production in free space. All parameters in the QMC model are fixed, 
as explained in section 3, and the eff'ects of the medium on the reaction cross sections and amplitudes are 
calculated. The result is impressive in that the medium effects explain the nuclear production data, without any 
adjustment of the parameters determined elsewhere, including the standard repulsive kaon-nucleus interaction. 

First, in Fig. 54, we show the total potential, Utot = K -I- T4 of Eqs. (219) and (220) for nucleon (A'") and 
A hyperon in symmetric nuclear matter. This indicates that both nucleon and hyperon potentials approach 
minima around normal nuclear matter density, which refiects the fact that around po the energy density of 
nuclear matter is minimized. 

Next, in Fig. 55 we show the density dependence of the total K and A'*-meson potentials at zero momenta. 
The total kaon potential is repulsive as explained before, and depends substantially on the baryon density. (See 
Eq. (220).) The Ar*-meson total potential is attractive at baryon densities below ~ 2.7pQ. As for the pion, the 
Goldstone boson nature of it and the chiral symmetry suggest us that the pion mass modification in nuclear 
medium is marginal, as already mentioned before. Thus, we do not consider possible medium effects on the 
pion. 

For the energy dependence of the cross section ttN YK (Y = A, E) we use the resonance model [284, 285], 
which could describe the energy dependence of the total cross sections, ttN YK, quite well, and has been 
used widely in kaon production simulation codes [267, 268, 269, 277, 286, 287], and extend the model by 
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Figure 55: Total potential Ufot for K'^ and K*{892)'^ mesons plotted as function of the 
baryon density, pb, in units of saturation density, po=0.15 fm~^ of the nuclear matter (from 
Ref. [283]). 



including medium modification of the hadron properties, not only in the kinematic factors such as the flux and 
the phase space, but also in the reaction amplitudes. Kaon and hyperon production processes in ttN collisions 
in the resonance model [284, 285] are shown in Figs. 56 and 57. Because difi^erent intermediate states and 
final states contribute to the ttN — > AK and vrA'^ — > T,K reactions, the in-medium modification of the reaction 
amplitudes for these reactions should also be different. 

Now, we need to discuss the in-medium modification of the resonance masses, which enter the resonance 
propagators and modify the reaction amplitudes. At present it seems that there is no reliable estimate for the 
in-medium modification of masses for the higher mass baryon resonances. 

Based on the QMC model, we assume that the light quarks in the baryon resonances are responsible for 
the mass modification in nuclear medium, as explained in section 3.3.1. However, there is a possibility that the 
excited state light quarks may couple differently to the scalar a field from those in the ground states, although 
we expect that the difference should be small. Thus, we estimate the range for the in-medium baryon resonance 
masses by the following two extreme cases, i.e., (i) all light quarks including those in the excited states play 
the same role for the mass modification as those in the ground states, (ii) only the ground state light quarks 
play the role as in the usual QMC model. These two cases are expected to give the maximum and minimum 
limits for the mass modifications of the baryon resonances. Specifically, the range for the effective masses of 
the baryon resonance in medium is given: 
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Figure 56: Processes included for the 'kN 
kK reactions. 



These in-medium resonance masses may be expected to modify the resonance propagators in the reaction 
amphtudes. To avoid introducing extra unknown parameters, we approximate the in-medium resonance widths 
appearing in the propagator by the free space ones. Prom Eqs. (324)-(328), we wiU show resuhs for the 
cross section calculated using the lower limit for the resonance masses. However, we have also performed the 
calculation using the upper limit for the resonance masses and confirmed that our conclusion remains the same. 

The dispersion relation in nuclear matter relating the total energy E and the momentum -p of the particle 
h with free space mass is written as 



(329) 



denote the scalar and vector potentials in nuclear matter. (See Eqs. (219) and (220).) The 
/sth, for the reaction tt+N^Y+K^ is given as the sum of the total energies of the final iiT "'"-meson 



where 
threshold, 

and y-hyperon, taking their momenta to be zero and hence 



/^ = mK + mY + Vf + Vf + + y/, 



(330) 



where now the upper indices denote kaons and hyperons. The solid lines in Fig. 58 show the K'^A and K'^H 
reaction thresholds, ^/s^, as a function of the baryon density. Obviously, in free space the scalar and vector 
potentials vanish and the reaction threshold equals to the sum of the bare masses of the produced particles, 
which is shown by the dashed lines in Fig. 58 for the K'^A and K^'S final states. 

It is important, that while the i^^-meson energy at zero momentum increases with the baryon density 
(see Fig. 55), because of the negative A and S potentials the reaction threshold in nuclear matter at pB<l-4:po 
(po = 0.15 fm~^) is shifted below than that in free space. The maximal downward shift of the reaction threshold 
in nuclear matter occurs at baryon densities around pB—0.6pQ. This value is the result of competition between 
the simple, linear dependence on density of the vector potentials and the more complicated, non-linear behavior 
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Figure 57: Processes included for the ttN 
T,K reactions. 



of the scalar potentials. (A similar competition leads to the saturation of the binding energy of normal nuclear 
matter in the QMC model.) Furthermore, the maximum of the downward shift of the Tr+A'^^y+i^'*" reaction 
threshold amounts to roughly 30 MeV. We also found that at baryon densities pb>0.2 fm~^ the strangeness 
production threshold in ttN collisions is higher than the free space case. 

Now we apply the resonance model to calculate the in-medium amplitudes, while keeping the coupling 
constant as well as the form factors at the values found in free space. While this assumption certainly cannot 
be completely correct in nuclear matter, there are no presently established ways to improve this part of our 
calculation. In principle, since we started from the reaction amplitude itself, it is possible to include in-medium 
modifications of the coupling constants as well as the form factors when reliable calculations of the changes 
of these quantities in nuclear matter become available. In the following calculations we include the vector 
and scalar potentials for the interacting (initial) nucleons and final kaons and hyperons, as well as for the 
intermediate baryonic resonances and if*-meson. 

Fig. 59 shows the results calculated for the diff'crential cross section for the TT^-\-p^A+K^ reaction at the 
invariant collision energy -^5=1683 MeV. It is calculated both in free space (the solid line) and in nuclear 
matter, at baryon densities pb=Po (the dashed line) and pB=2po (the dotted line). For comparison, we also 
show in Fig. 59 the experimental data collected in free space [288, 289]. The important finding is that not only 
the absolute magnitude, but also the shape (the dependence on the cos^) of the Tr''+p^A+K^ differential 
cross section, depends on the baryon density. 

One of the simplest ways to construct the in-medium reaction cross section is to take into account only 
the in-medium modification of the fiux and phase space factors while leaving amplitude in matter the same 
as that in free space, without including any medium effect [290] . To shed more light on the problem of how 
the reaction amplitude itself is modified in nuclear matter, we show in Fig. 60 the reaction amplitudes squared 
in arbitrary units for the 7r~-|-p^A-|-i^'^ reaction, calculated at ^/s=1.7 GeV and 1.9 GeV, in free space (the 
solid lines), pb = Po (the dashed lines) and ps = 2po (the dotted lines). Our calculation clearly indicates that 
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Figure 58: The threshold energy, y^s^, for K+A and if+E production given by their total 
in-medium energy at zero momentum, as a function of the baryon density Pb in units of sat- 
uration density of nuclear matter, po=0-15 fm^^. The solid lines indicate results calculated, 
while the dashed lines show the threshold in free space (from Ref. [283]). 



the TT +p^A+K^ reaction amplitude in nuclear matter differs substantially from that in free space at these 
energies, and that the amplitudes depend on the baryon density. 

Finally, the energy dependence of the total 7r~+p^A+K^ cross section is shown in Fig. 61, as a function 
of the invariant collision energy, ^/s. The experimental data in free space are taken from Ref. [291]. The 
calculations for free space are in reasonable agreement with the data, as shown by the solid line. The dashed 
line in Fig. 61 shows the results obtained for nuclear matter at pB=Poi while the dotted line is the calculation 
at pb='^Po- Clearly the total ir^+p^A+K^ reaction cross section depends substantially on the baryon den- 
sity. Furthermore, as already discussed previously, the reaction threshold at baryon density pb=Po is shifted 
downward as compared to that in free space, while at pB=2po it is shifted upward. 

It is obvious that heavy ion collisions probe a range of baryon densities from pB=0 up to several times 
normal nuclear matter density. The calculation of the time and spatial dependence of the baryon density 
distribution is a vital aspect of dynamical heavy ion simulations. However, a first estimate of the density 
averaged total ir^+p^A+K^ cross section can be gained from Fig. 61. Of course, the data is only available 
in free space and should only be directly compared with the solid curve. Nevertheless, it is suggestive for the 
problem of in-medium production to note that a crude average of the in-medium cross sections over the range 
0<pB<2po would be quite close to the free space cross section at energies around the free space threshold. 
This seems to provide a reasonable explanation of why the heavy ion calculations including [270, 276, 277] 
the TT+p^A+K cross section in free space, that is without a repulsive kaon potential, can reproduce the 
data [271, 272, 273, 274, 275]. A more quantitative calculation and discussion of this effect will be given later. 

Next, we consider the ir+N^'S+K reaction in nuclear matter. The tt+N^T,+K reaction involves different 
dynamics in comparison with the ir+p^A+K reaction, because the reaction involves different intermediate 
baryonic resonances. For instance, although the Ar(1650) resonance couples to AN channel, it does not couple 
to the SA state. Moreover, the A(1920) resonance couples to EA^ channel, but does not couple to the AA 
channel in the resonance model [284, 285]. For this reason, the dependence on the baryon density of the reaction 
in nuclear matter, vr-i-A^S-l-Ar, is quite different from that of 7r-|-A^^A-|-Ar. 
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Figure 59: The 7r~+p— s>A+X° differential cross section at invariant collision energy y^=1683 
MeV as a function of the cos 9 of the kaon emission angle in the center of mass system. The 
experimental data are from Ref. [288] (the squares) and from Ref. [289] (the circles). The 
lines show our calculations in free space (solid) and in nuclear matter at baryon densities 
Pb—Po (dashed) and pB—2po (dotted), with po — 0.15 fm~^ (from Ref. [283]). 
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Figure 60: The (dimensionless) invariant amplitude squared for the ti^ +p^K+K^ reaction, 
as a function of the cos^ (the -meson emission angle in the center of mass system), 
calculated for the invariant coUision energies GeV (upper) and 1.9 GeV (lower). 

The lines show the result for free space (sohd) and for nuclear matter at baryon densities 
Pb—Po (dashed) and pb—'^Pg (dotted) (from Ref. [283]). 
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Figure 61: Energy dependence of the total cross section, 7r~+p— >A+7^°, as a function of 
the invariant coUision energy, i/i, calculated for different baryon densities. The data in free 
space are taken from Ref. [291]. The hnes correspond to the results calculated for free space 
(solid) and for nuclear matter at baryon densities ps—Po (dashed) and Pb—'^Po (dotted). 
(Only the sohd curve should be compared directly with the data.) (Taken from Ref. [283].) 
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Figure 62: Energy dependence of the total cross section, tt^ +p^J]^ +K~^ , as a function of 
the invariant colhsion energy, ^/s, calculated for different baryon densities. The data in free 
space are taken from Ref. [291]. The hnes indicate calculations for free space (sohd) and 
for nuclear matter at baryon densities ps—Po (dashed) and Pb—'^Po (dotted). (Taken from 
Ref. [283].) 
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Figure 63: Energy dependence of the total cross section, 7r~+p— >E°+ir°, as a function of the 
invariant colUsion energy, ^i, calculated for different baryon densities. The data in free space 
are taken from Ref. [291]. The lines indicate the calculations for free space (solid) and for 
nuclear matter at baryon densities Pb=Po (dashed) and pB=2po (dotted) (from Ref. [283]). 



In Fig. 62 we show the energy dependence of the total cross section, Tr^+p— >-E++ii'+, as a function of the 
invariant colhsion energy, ^/s. The experimental data in free space are taken from Ref. [291]. The free space 
data are well reproduced by the calculations in free space, as shown in Fig. 62 by the solid line. The dashed 
line indicates the results obtained for nuclear matter at baryon density pb=Po, while the dotted line shows the 
result at pB=^Po- 

Again, as already discussed previously, the density dependence of the hadron masses and the vector poten- 
tials leads to a shift of the reaction thresholds in nuclear matter. Because of the density dependence of the 
S-hyperon potential, the threshold at normal nuclear matter density (ps=po) is shifted downward compared 
with that in free space. At pB=2po the UK reaction threshold is shifted upward relative to the threshold in 
free space. Moreover, the magnitude of the w'^+p^'E'^+K'^ cross section depends much more strongly on the 
density than the 7r~+p^A+K^ reaction. 

Figs. 63 and 64 show the energy dependence of the total cross sections for the tt~ +p—>-T,^+K^ and 
7r""+p— reactions, respectively. The data in free space [291] are well reproduced with the calcula- 
tions in free space, which are indicated by the solid lines. The cross sections calculated for nuclear matter, 
except for 7r~+p^T,^+K^ at ps = 2po, are substantially enhanced in comparison with those in free space, at 
energies just above the in-medium reaction thresholds. 

It is expected that in relativistic heavy ion collisions at SIS energies nuclear matter can be compressed up 
to baryonic densities of order pB—Spo [276]. The baryon density pB available in heavy ion collisions evolves 
with the interaction time, t, and is given by the dynamics of the heavy ion collision. Moreover, the density is 
large in the very center of the collision. In the following estimates we investigate the density dependence of the 
production cross section for central central heavy ion collisions. However, it should be remembered that at the 
edges, where most particles are expected to be located, the density dependence of the strangeness production 
mechanism is not strong compared to that of the central zone of the collision. To calculate the "'"-meson 
production cross section averaged over the available density distribution we adopt the density profile function 
obtained in dynamical simulations [292] of Au+Au collisions at 2 AGeV and at impact parameter 6=0. This 
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Figure 64: Energy dependence of the total cross section, 7r~+p— >E~+i^"'", as a function 
of the invariant colhsion energy, y^, calculated for different baryon densities. The data 
in free space are taken from Ref. [291]. The lines indicate our calculations for free space 
(solid) and for nuclear matter at baryon densities ps—Po (dashed) and Pb—'^Po (dotted) 
(from Ref. [283]). 
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Figure 65: Energy dependence of the total cross section, 7r~+p— >A+ir°, as a function of 
the invariant colhsion energy, ^/s. The data in free space are taken from Ref. [291]. The 
sohd hne indicates our calculation for free space. The dashed line shows the cross section 
calculated by averaging over the density function profile [292] given by the time evolution 
obtained for Au+Au collisions at 2 AGeV (see Eq. (331)) (from Ref. [283]). 



can be parametrized as 



Psit) = pmax exp ( 1 , (331) 



where the parameters, Pmax=^Po, t=13 fm and At=6.7 fm, were fitted to the heavy ion calculations [292]. 

The total cross section for the ir^+p^A+K^ reaction integrated over the time range 5<t<23 fm and 
weighted by the time dependent density profile given in Eq. (331), is shown by the dashed line in Fig. 65. The 
limits of the t integration were taken from the simulations of the Au+Au collision time evolution in Ref. [292]. 
The circles and solid line in Fig. 65 show the experimental data in free space [291] and the calculations in free 
space, respectively. 

One can see that the total cross section averaged over the collision time (time dependent density profile) 
for the TT~ +p^A-'rK^ reaction is quite close to the result given in free space integrated up to energies above 
the production threshold, (i.e., ^/s ~ 1.7 GeV). That the results shown in Fig. 65 actually explain why the 
heavy ion calculations with the free space kaon production cross section might quite reasonably reproduce the 
experimental data, will be discussed more quantitatively below. 

As a matter of fact, the total cross section averaged over the time dependent density profile, shown by the 
dashed line in Fig. 65, should additionally be averaged over the invariant collision energy distribution available 
in heavy ion reactions. The number of meson-baryon collisions, N^b, for the central Au+Au collisions at 2 
AGeV is given in Ref. [293] as a function of the invariant collision energy, -s/s. It can be parametrized for 
^/s>l GeV as 

ivr^^°^"H [AVi]^ j' ^'''^ 

where the normalization factor Ao=6xlO^ GeV~^, while y^=l GeV and A^/s=0.63 GeV. Note that, at SIS 
energies N^ns is almost entirely given by the pion-nucleon interactions, and heavy meson and baryon collisions 
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contribute only to the high energy tail of the distribution in Eq. (332) - with quite small densities [293]. 
Finally, if we also average the calculated, in-medium, total cross section for 7:~ +p^A+K^ , shown by the 
dashed line in Fig. 65, over the available energy distribution given in Eq. (332), we obtain an average total 
kaon production cross section of <K>=65 fih for central Au+Au collisions at 2 AGeV. This result is indeed 
compatible with the calculations using the free space total cross section of the 7r~-|-p^A-|-i^'^ reaction, which 
provide an average total kaon production cross section of <K>=71 /xb for central Au+Au collisions at 2 AGeV. 
Note that the inclusion of even a slight modification of the K'^ mass because of the nuclear medium (without 
the corresponding changes introduced here) leads to a substantial reduction of the inclusive spectra (by 
as much as a factor of 2 or 3), compared to that calculated using the free space properties for the relevant 
hadrons [269]. 

We stress that at SIS energies reaction channels with a S-hyperon in the final state play a minor role, because 
of the upper limit of the energy available in the collisions. As was illustrated by Fig. 58, the downwardly shifted 
TT+N^Ti+K reaction threshold at small densities is still quite high compared to that for the reaction with a 
A-hyperon in the final state. 

In summary, we averaged the kaon production cross section over the baryon density profile, which depends 
on the evolution time of the heavy ion collision, in order to evaluate the impact of our microscopic calculations 
on the heavy ion results. Furthermore, in order to compare with the experimental data more quantitatively, 
we calculated the effective total kaon production cross section by averaging over the invariant collision energy 
distributions available in heavy ion reactions. We found that at low collision energies, the density or time 
averaged K+-meson production total cross section, calculated using the in-medium properties for the 
meson, hyperons and relevant hadrons, is very close to that calculated using the total cross section given in 
free space. 

Thus, the present results provide an explanation of why the analyses [268, 270, 276, 277] of available data 
on production from heavy ion collisions at SIS energies [273, 274, 275, 276] for the K'^ spectra, were able to 
be reasonably described when one neglected any in-medium modification of the kaon and hadronic properties 
- i.e., adopting the -meson production cross section given in free space. 

The conclusion of this section is that, if one accounts for the in-medium modification of the production 
amplitude (i.e., the in-medium properties of the K+-meson and hadrons) correctly, it is possible to understand 
production data in heavy ion collisions at SIS energies consistently as it should be, even if the "'"-meson 
feels the theoretically expected, repulsive mean field potential. Thus, it is very important to understand the 
K'^ production data microscopically based on the in-medium dynamics, by including the in-medium changes 
of the K''"-meson and hadron properties in the reaction amplitudes. To include the in-medium properties of 
hadrons only in the purely kinematic effects, is not enough for the better understanding of the subthreshold 
kaon production in heavy ion collisions. 

5.2 D and D meson production in nuclei 

Antiproton annihilation on nuclei provides new possibilities for studying open charm production, exploring the 
properties of charmed particles in nuclear matter and measuring the interaction of charmed hadrons. 

Hatsuda and Kunihiro [56] proposed that the light quark condensates may be substantially reduced in hot 
and dense matter and that as a result hadron masses would be modified. At low density the ratio of the hadron 
mass in medium to that in vacuum can be directly linked to the ratio of the quark condensates [53, 178, 294, 
295, 296]. Even if the change in the ratio of the quark condensates is small, the absolute difference between the 
in-medium and vacuum masses of the hadron is expected to be larger for the heavy hadrons. In practice, any 
detection of the modification of the mass of a hadron in matter deals with the measurement of effect associated 
with this absolute difference. 

It was found in Refs. [120, 121, 123] that the in medium change of quark condensates is smaller for heavier 
quarks, s and c, than those for the light quarks, u and d. Thus the in-medium modification of the properties of 
heavy hadrons may be regarded as being controlled mainly by the light quark condensates. As a consequence 
we expect that charmed mesons, which consist of a light quark and heavy c quark, should serve as suitable 
probes of the in-medium modification of hadron properties. 

As for the K and iiT-mesons, with their quark contents qs and qs {q=u,d light quarks), respectively. 
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the D (qc) and D (qc) mesons will satisfy different dispersion relations in nuclear matter because of the 
different sign of the q and q vector coupling. Some experimental confirmation of this effect has come from 
measurements [266, 267, 270, 271, 273, 274, 297, 298, 299] of R- and K+-meson production from heavy 
ion collisions. The and D~ production from pA annihilation might yield an even cleaner signal for the 
in-medium modification of the D and D properties. 

Because of charm conservation, D and D mesons are produced pairwise and can be detected by their 
semileptonic decay channels. The threshold for the pN^DD reaction in vacuum opens at an antiproton 
energy around 5.57 GeV, but it is lowered in the pA annihilation by the in-medium modification of the D and 
D masses, as well as by Fermi motion. 

The interaction of the Z)-mesons with nuclear matter is of special interest [300]. Note that the DN 
interaction should be very different from that of charmonia (J/'^N), since the interaction between the nucleons 
and the heavy mesons which do not contain u and d quarks is expected to proceed predominantly through 
gluon exchange. On the other hand, as for ^-mesons, the D-mesons might be strongly absorbed in matter 
because of the charm exchange reaction DN^AcTT, while the D-mesons should not be absorbed. As will be 
shown later, the specific conditions of the DD pair production in pA annihilation provide a very clean and 
almost model independent opportunity for the experimental reconstruction of the charm-exchange mechanism. 

As before, we calculate effective masses, m^(r), and mean field potentials, V^^^^^p{r), at position r {r = \r\) 
in the nucleus. The scalar and vector potentials (neglecting the CoTilomb force) felt by the D and D mesons, 
which depend only on the distance from the center of the nucleus, r, arc given by [301](see Eqs. (219) and (220)): 

Us{r) = m*^{r) - mo, (333) 
Tmr) - ^V^^ir)), (334) 

The p-meson mean field potential, V^{r), (and the Coulomb potential) which are small and expected to give 
a minor effect, will be neglected below. Note that VJ = 1.4^V^, and also is negative in a nucleus with a 
neutron excess. 

For the following calculations we define the total potential as 

UD^{r) = Vsir) + Vj'^ir), (335) 

where Vg and denote the scalar and vector potentials, respectively. 

In Fig. 66 we show the total potentials for the D~ and Z)+-mcsons as a function of the nuclear radius 
calculated for ^^C and ^^'^Au. The in-medium dispersion relation, for the total energy E£)± and the momentum 
p = \p[ of the D^'^-meson is given by 

Ed± {r) = ^Ip" + {mo + Vs{r)Y + V^^ (r) , (336) 

where the bare D = D'^-m.esan mass is m£)=1.8693 GeV [133, 134, 135]. Note that the total £)~-meson 
potential is repulsive, while the -D+ potential is attractive, which is analogous to the case for the and K~ 

mesons, respectively [130]. 

The amount of downward shift of the pN^D^D~ reaction threshold in nuclei, associated with the in- 
medium modification of the D and D scalar potentials and the vector potentials, is simply 2Vs, and is shown 
in Fig. 66c) for ^^C and ^^"^Au as a function of the nuclear radius. The threshold reduction is quite large in 
the central region of these nuclei and should be detected as an enhanced production of the D^D~ pairs. Note 
that a similar situation holds for the and K~ production and, indeed, enhanced K~ -meson production in 
heavy ion collisions, associated with the reduction of the production threshold, has been partially confirmed 
experimentally [266, 267, 270, 271, 273, 274, 297, 298, 299]. 

The DD production in antiproton- nucleus annihilation was calculated using the cascade model [302] adopted 
for pA simulations. The detailed description of the initialization procedure as well as the interaction algorithm 
are given in Ref . [302] . The reaction zone was initialized with the use of the momentum dependent pN total 
cross section, given as [303]: 

GpN = 38.4 + 77.6p"°-6^ + 0.26(lnj3)2 - 1.2 Inp, (337) 
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Figure 66: The D and potentials calculated for ^^C (a) and ^^"^ Au (b) as a function of 
the nuclear radius. We also show the downward shift in the threshold for D^D~ production 
for ^^C and ^^Mm, in (c) (from Ref. [301]). 



where p denotes the antiproton laboratory momentum and the cross section was taken to be the same for the 
proton and the neutron target (in good agreement with the data [303]). 

The pN^DD cross section was calculated with quark-gluon string model proposed in Ref. [304]. In the 
following we will concentrate on the production of and D^-mesons and thus take into account only two 
possible reactions, namely pp^D^D^ and pn^D^D~ . Note that the relation, 

Aa{pp D+D-) = a{pn D^D-) (338) 

is due to the difference in the number of the quark planar diagrams [304] . 

Furthermore, to account for the D~ and £)+-meson propagation in nuclear matter one needs to introduce 
the relevant cross sections for clastic and inelastic DN scattering. Since no data for the DN interaction are 
available we use a diagrammatic approach illustrated by Fig. 67a, b). Let us compare the D~ N^D^ N and 
the K~^N-^K^N reactions in terms of the quark lines. Apart from the difference between the c and s quarks, 
both reactions are very similar and can be understood in terms of rearrangement of the u oi d quarks. Thus, 
in the following calculations we assume that cr£)-jv^_D-7V='^A'+w->ft'+Ar- 

The K^N cross section was taken from Ref. [264], which gives a parametrization of the available experi- 
mental data. The total K^N cross section, averaged over neutron and proton targets, is shown in Fig. 68a) 
by the dashed line - as a function of the kaon momentum in the laboratory system. Note, that within a wide 
range of kaon momentum a^+N is almost constant and approaches a value of ~20 mb. We adopt the value 
o"£)-7v=20 mb, noting that it is entirely due to the elastic scattering channel. 

Now, Fig. 67c,d) shows both the K~ N^Air and D~^N Acir processes, which are again quite similar in 
terms of the rearrangement of the s and c quarks, respectively. Thus we assume that cd+n^Actt— <^k-n^a-k- 

The total K~N cross section is shown by the solid line in Fig. 68. Again it is averaged over proton and 
the neutron and taken as a parametrization [264] of the experimental data. At low momenta the K~N cross 
section shows resonance structures due to the strange baryonic resonances [134], while at high momenta it 
approaches a constant value. Apart from the contribution from these intermediate baryonic resonances the 
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Figure 67: Quark diagrams for K^n^K^n (a) and D p^D p (b) elastic scattering and 
for K~n^h.T^' (c), D^p^k'^ix^ (d) inelastic scattering. 
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Figure 68: a) The total K^N (solid) and K^N (dashed line) cross sections obtained [264] 
as the best fit to the available experimental data [134] and shown as function of the kaon 
momentum. The dotted line show the result as explained in the text, b) The D~N (dashed) 
and D^N total cross sections used in the calculations (from Ref. [301]). 
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p + A at 5 GeV 




Figure 69: The plot of the annihilation zone for p+^^C (a) and p+^^'^Au (b) reactions at a 
beam energy of 5 GeV. The solid line indicates the rms radius of the target nucleus. The 
arrows show the direction of the antiproton beam (from Ref. [301]). 



inelastic K N^An cross section can be written as 

|M| 



16 TT S 



{s — m\ — m^)^ — im^rn^ 



1/2 

(339) 



where s is the square of the invariant coUision energy and rriK-, Mjsf, m\, are the masses of kaon, nucleon, 
A-hyperon and pion, respectively. In Eq. (339) the \M\ denotes the matrix element of the K~ N^An transition, 
which was taken as a constant. Now the total K" N cross section is given as a sum of the cross section for the 
inelastic channel Eq. (339) and for the elastic one, where the latter was taken to be 20.5 mb. The dotted line in 
Fig. 68 shows our result for the total K~N cross section obtained with |M|=11.64 GeV-fm, which reproduces 
the trend of the data reasonably well. 

A similar approach was used to construct the D~^N total cross section. It was assumed that at high 
momenta the D^N elastic cross section equals the D~N cross section, while the D'^N^A'^tt cross section 
was calculated from Eq. (339), with appropriate replacements of the particle masses. The final results are 
shown in Fig. 68 and were adopted for the following calculations. We wish to emphasize that the status of the 
D-meson-nucleon interactions is still unknown and itself one of the important goals of the pA^DDX studies. 
Our approach is necessary in order to estimate the expected sensitivity of the experimental measurements to 
the DN interaction and to study the possibility of evaluating the D+iV and D~N cross sections. 

In comparison to low energy antiprotons that annihilate at the periphery of the nucleus, because of the 
large pN annihilation probability, antiprotons with energies above 3 GeV should penetrate the nuclear interior. 
They can therefore probe the nuclear medium at normal baryon density po and hence yield information about 
the in-medium properties of the particles. Indeed, as is illustrated by Fig. 66, the D-meson potential deviates 
strongly from zero in the interior of the nuclei considered. Figure 69 illustrates the reaction zone for the pC 
and pAu annihilations at an antiproton beam energy of 5 GeV. The plots are given as a functions of the impact 
parameter, b, and the z-coordinate, assuming that the beam is oriented along the z-axis, which is shown by 
arrows in Fig. 69. The annihilation zone is concentrated in the front hemisphere of the target nuclei. Actually 
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Figure 70: The total cross section for and £)~-meson production in pC annihilation as a 

function of the antiproton energy. The results are shown for calculations with free (dashed 
lines) and in-medium masses (solid lines) for the D-mesons. The arrow indicates the reaction 
threshold on a free nucleon (from Ref. [301]). 



the antiprotons penetrate sufficiently deeply to test densities near that of normal nuclear matter and hence the 
shift in the D~^D~ production threshold should be manifest. 

Now we calculate the total pA^D^ X production cross section as function of the antiproton beam 
energy and show the results in Fig. 70 for a carbon target and in Fig. 71 for gold. The vacuum pN^D^D~ 
cross section is also shown in Fig. 71. Note that the difference between the D"^ and D~-mesoiL production 
rates is caused by the D^-absorption in nuclear matter. 

Obviously the production threshold is substantially reduced as compared to the antiproton annihilation 
on a free nucleon. Apparently, part of this reduction is due to the Fermi motion [305, 306, 307], however the 
results calculated with in-medium D-meson masses indicate a much stronger threshold reduction than those 
using free masses for the final D-mesons. 

Note that, because of their relatively long mean life, the D-mesons decay outside the nucleus and their 
in-medium masses cannot be detected through a shift of the invariant mass of the decay products (unlike the 
leptonic decay of the vector mesons). Thus it seems that the modification of the D'^ and Z)~-meson masses 
in nuclear matter can best be detected experimentally as for the shift of the in-medium and K~-meson 
masses, namely as an enhanced D-meson production rate at energies below the threshold for the pN^D'^D~ 
reaction in free space. 

We should further note that experimentally it may be difficult to distinguish whether such an enhancement 
is due to the modification of the D+ and Z)~-meson masses in nuclear matter, or to the Fermi motion, or to other 

processes that are not yet included in our study. In principle, the high momentum component of the nuclear 
spectral function can provide sufficient energy for particle production far below the reaction threshold in free 
space [305]. However, the results in Refs. [306, 307] calculated with realistic spectral functions [225, 308, 309] 
indicate that such effects are actually negligible, while a more important contribution comes from multistep 
production mechanisms. For instance, the dominant contribution for production in pA collisions comes 
from the secondary itN^YK~^ process, which prevails over the direct pN^NYK^ reaction [306, 310]. Thus, 
the interpretation of the data depends substantially on the reliable determination of the production mechanism. 
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Figure 71: The total cross section for D'^ and D~-meson production in pAu annihilation 

versus the antiproton energy. The results are shown for calculations with free (dashed lines) 
and in-medium masses (solid lines) for the D-mesons. For a comparison the pN^D^D~ 
cross section in free space is also indicated (from Ref. [301]). 



We emphasize that an additional advantage of the D^D~ production in pA annihilation is the possibility to 
reconstruct the production mechanism directly. Let us denote Mx as the missing mass of the target miclcon in 
the pN^D^D^ reaction. Obviously, in vacuum Mx is equal to the free nucleon mass and can be reconstructed 
for antiproton energies above the D~^D~ production threshold. When analyzing Mx in pA annihilations one 
expects the distribution da/dMx to be centered close to the mass of the bound nucleon - below the free 
nucleon mass. The shape of the distribution da/dMx reflects information of the spectral function of the 
nucleus [225, 308, 309]. 

The preceding discussion is based on the hypothesis that the reaction pN^D~^D~ is the dominant mech- 
anism for D'^D~ pair production. By measuring both the D'^ and D~ mesons one can directly check this 
hypothesis. Let us first neglect the D-mcson interactions in the nuclear environment and analyze the Mx 
spectrum for pC annihilation at 5 GcV. Fig. 72(a) shows the missing mass distribution calculated without 
(hatched histogram) and with the inclusion of the and £)~-meson potentials in carbon nucleus ^^C. Recall 
that the results calculated with free masses provide much smaller pC^D^D~ X production cross sections (see 
Fig. 70). Thus, for the purpose of the comparison, the result obtained without potentials is renormalized to 
those with in-medium masses in Fig. 72a). The arrow in Fig. 72a) indicates the density averaged mass of the 
bound nucleon in the carbon target [43]. Indeed, both histograms arc centered around the expected value. 
However, the results calculated with the potentials shows a substantially wider distribution. This effect can be 
understood easily in terms of the downward shift of the D-meson production threshold in ^^C. 

Fig. 72(b) shows the Mx distribution calculated with in-medium masses, taking into account both D"*" and 
£)~-meson interactions in the nuclear environment. Note that the distribution below Mx— 0.75 GeV results 
from secondary DN elastic rescattering and its strength is proportional to the DN elastic cross section. A 
deviation of the actual experimental missing mass distribution from those shown in Fig. 72(b) may directly 
imply a contribution from D~^D~ reaction mechanisms, other than direct production. 

In principle, the missing mass Mx reconstruction appears to be a very promising tool for the detection of 
the in-medium mass modification of the mesons, although it requires a detailed knowledge of the nuclear 
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Figure 72: The missing mass distribution calculated for pC annihilation at 5 GeV. The 
upper part shows the results obtained without (hatched histogram) and with account of 
the in-medium potentials (open histogram), but neglecting the D-meson interactions in the 
nucleus. The hatched histogram is normalized to the open histogram. The lower part shows 
the calculations with and D~ potentials and with DN interactions (from Ref. [301]). 
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spectral function [225, 308, 309] as well as an accurate calculation of the Mx distribution. 

In summarizing this section, we have shown that pA annihilation at energies below the pN^D~^D~^ reaction 
threshold in free space offer reasonable conditions for detecting the changes in Z)-meson properties in nuclear 
environment. In-medium modification of the D-meson mass can be observed as an enhanced D~^D~ production 
at antiproton energies below ~5.5 GeV. The advantage of the pA^D^D^ X reaction is the possibility to 
reconstruct directly the primary production mechanism and hence to avoid a misinterpretation that such an 
enhancement is due to the contribution from multistep production processes. The missing mass reconstruction 
allows one to separate the effect due to the high momentum component of the nuclear spectral function. 
Thus, the study of the in-medium modification of the Z?-meson mass is very promising, even with a target as 
light as carbon, where the total D~^D~ mass reduction is sizable and the nuclear spectral function is under 
control [225, 308, 309]. Furthermore, we have shown that the pA annihilation provides favorable conditions 
for studying the D-meson interaction in nucleus. The difference in the and Z?^-meson momentum spectra 
from antiproton annihilation on heavy nuclei provides a very clean signature for the charm exchange reaction 
i^+iV^A+Tr, and thus can be used to determine the DN rescattering and absorption cross sections. 

5.3 J/^ suppression 

There is a great deal of interest in possible signals of Quark-Gluon Plasma (QGP) formation (or precursors 
to its formation), and J/\I' suppression has been considered to be one of the most promising candidates. 
Indeed, an anomalous result has been reported there [46, 311, 312]. On the other hand, there may be other 
mechanisms which produce an increase in J/^ absorption in a hot, dense medium. (For recent reviews on 
QGP, see e.g., Refs. [313, 314].) We are particularly interested in the rather exciting suggestion, based on the 
QMC model [10, 13], that the charmed mesons, D, D, D* and D*, should suffer substantial changes in their 
properties in a nuclear medium [131]. (See sections 3.3.1, 3.4 and 5.2.) This might be expected to have a 
considerable impact on charm production in heavy ion collisions. 

In Ref. [131] it was found, for example, that at a density p_B=3po (po=0-15 fm^^) the D-meson would feel 
an attractive scalar potential of about 120 MeV and an attractive vector potential of about 250 MeV. (See 
sections 3.4 and 5.2.) These potentials are comparable to those felt by a X~-meson [130, 263, 264, 315], while 
the total potential felt by the D is much larger than that for the vector mesons, p, u and (f) [19, 53, 165]. 
Within QMC it is expected that the mass of the J/'f should only be changed by a tiny amount in nuclear 
matter [19, 53, 130, 165]. A similar result has also been obtained using QCD sum rules [120, 121]. 

In the light of these results, it seems that the charmed mesons, together with the K~ , are probably the 
best candidates to provide us information on the partial restoration of chiral symmetry. Both open charm 
production and the dissociation of charmonia in matter may therefore be used as new ways of detecting the 
modification of particle properties in a nuclear medium. 

The suppression of J/^ production observed in relativistic heavy ion collisions, from p+A up to central 
S+U collisions, has been well understood in terms of charmonium absorption in the nuclear medium. However, 
recent data from Pb+Pb collisions show a considerably stronger J/^ suppression [311]. In an attempt to explain 
this "anomalous" suppression of J/^* production, many authors have studied one of two possible mechanisms, 
namely hadronic processes [316, 317, 318, 319, 320] and QGP formation [321] (see Ref. [46] for a review). 

In the hadronic dissociation scenario [316] it is well known that the J/* interacts with pions and p-mesons 
in matter, forming charmed mesons through the reactions, n+J/^^D* + D, D* + D and p+J/'^^D + D. The 
absorption of J /'^ mesons on pions and p-mesons has been found to be important (see Refs. [270, 317, 322] and 
references therein) in general and absolutely necessary in order to fit the data on J/ production. Furthermore, 
the absorption on comovers should certainly play a more important role m. S + U and Pb + Ph experiments, 
where hot, high density mcsonic matter is expected to be achieved. However, recent calculations for the 
processes in free space [319], indicate a much lower cross sections than that necessary to explain the data for 
J/^ suppression. 

J/^ dissociation on comovers, combined with the absorption on nucleons, is the main mechanism proposed 
as an alternative to that of Matsui and Satz [321] - namely the dissociation of the J/^ in a QGP. Note that both 
the hadronic and QGP scenarios predict J/^' suppression but no mechanism has yet been found to separate 
them experimentally. Within the hadronic scenario the crucial point is the required dissociation strength. In 
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Figure 73: tt+J/^ (a) and p+J/'if (b) dissociation cross sections as functions of the invariant 
collision energy, s^/^. Results are shown for vacuum (the dotted line), po (the dashed line) 
and 3po (the solid line) (from Ref. [47]). 



particular, one needs a total cross section for the tt, p+J /'^ interaction of around 1.5-=-3 mb in order to explain 
the data in heavy ion simulations [270]. Recent calculations [319] of the reactions tt+J/*— *-D + D*,D + D* 
and p+J I^^D + D, based on D exchange, indicate a much lower cross section than this. 

The main uncertainty in the discussion of the J/^' dissociation on a meson gas is given by the estimates of the 
TT, p+ J/^' cross section [319]. The predictions available for the 7r+ J/^' cross section are given in Refs. [318, 319]. 
Following the meson exchange model of Ref. [319], we show by the dotted line in Fig. 73 the tt+J/^' (a) 
and p+J /'^ (b) dissociation cross sections calculated in free space. Moreover, the upper axis of Fig. 73(a) 
indicates the vr-meson kinetic energy, T^r, given in the J/^' rest frame, which indicates that the pions should 
be sufficiently hot to be above the DD* production threshold and to dissociate the J/\l'-meson. By taking a 
thermal pion gas with average Ttt^ISO MeV, one might conclude that independent of the tt+J/* dissociation 
model used [318, 319], the rate of this process is small. However, this situation changes drastically when the 
in-medium potentials of the charmed mesons are taken into account, because they lower the tt+J/'^^D+D* 
threshold as will be shown later. The upper axis of Fig. 73(b) shows the /c-meson kinetic energy Tp in the J/^ 
rest frame. As was discussed in Refs. [46, 270, 319], the J/^ dissociation might proceed on thermal />mesons, 
because of the low p+J/'^^D+D* reaction threshold. 

As far as the meson properties in free space are concerned, the Bcthc-Salpctcr (BS) and Dyson- Schwinger 
(DS) approaches have been widely used [323]. The application of BS approach to the description of heavy-light 
quark systems allows one to describe the D and B meson properties in free space quite well [324]. The DS 
approach at finite baryon density was used [325] for the calculation of the in-medium properties of p, u and 
(j) mesons. The modification of the p and to meson masses resulting from the DS equation is close to the 
calculations with the QMC model [10, 13, 19, 53, 165], while the ^-meson mass reduction from Ref. [325] is 
larger than the QMC result. (See section 3.3.1.) 

Based on the QMC model, the scalar and vector potentials felt by the D{D'^^D^) and D{D'',D^) mesons 
in symmetric nuclear matter are given by [131]: 

V,^* = Us = mh-mD, (340) 
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Figure 74: The scalar (a) and vector (b) potentials for the D, D* and p mesons, calculated 
for nuclear matter as functions of the baryon density, in units of the saturation density of 
nuclear matter, po=0.15 fm~^. Scalar potentials for D and D* are indistinguishable (from 
Ref. [47]). 



Vt ^ ±U, = T{VS-\v^), (341) 

where, = l.4?VJ, which is assumed to be the same as that for the and K~ mesons [130]. (See Eq. (220).) 
The isovector meson mean field potential, V^, is zero in symmetric nuclear matter. 

We show the D, D* and /9-meson potentials used in further calculations in Fig. 74 as a function of the 
baryon density, in units of po=0.15 fm~^. Note that these potentials enter not only in the final state phase space 
(which becomes larger since the scalar masses arc reduced in matter), but also in the reaction amplitude and 
the initial p-meson mass. (Recall the discussions in section 5.1 for subthreshold kaon production.) Furthermore, 
as observed earlier, the properties of the J/^' meson are not significantly altered in medium within QMC. 

Note that the total D~-meson potential is repulsive, while the potential is attractive, which is analogous 
to the case for the and K~ mesons, respectively [130, 263, 264, 315]. The threshold reduction is quite large 
when the nuclear density becomes large for the D~^D~ pairs. Note that a similar situation holds for the 
and K~ production and, indeed, enhanced K~-m.eson production in heavy ion collisions, associated with the 
reduction of the production threshold, has been partially confirmed experimentally [270, 274]. 

We first discuss the thermally averaged cross sections, {crv), for vr+J/^' and p+J/^ dissociation in Figs. 75 
and 76, when the free masses are used for the charmed mesons and the in-medium potentials are set to zero. 
They are shown by the dotted lines. These results are needed for comparison with the calculations including 
the potentials. Since the pions are almost in thermal equilibrium, their energy spectrum is given by a Bose 
distribution with temperature, T, and chemical potential, p, where we have used the value, /x=126 MeV [326]. 
The thermally averaged n+J/^ cross section can be obtained by averaging over the vr-spectrum at fixed J/^- 
momentum. The dotted line in Fig. 75a) shows {av) as a function of the pion gas temperature, T, which was 
calculated with zero J/'^ momentum relative to the pion gas. 

The shadowed area in Fig. 75a) indicates the temperature range corresponding to the pion densities 0.2 — 
0.8 fm~^, which are expected to be achieved in the heavy ion collisions presently under consideration. In 
vacuum the Tr+J/^* dissociation cross section is less than about 0.3 mb. The thermally averaged absorption 
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Figure 75: Thermally averaged 7r+J/\l/ absorption cross section as a function of the pion 
gas temperature, T, and chemical potential, /x, at pj/*=0 (a) and as a function of the J/\l/- 
momentum at T=180 MeV (b). The results are shown using the same notation as in Fig. 73. 
The shadowed area indicates the temperatures expected to be achieved in heavy ion collisions 
(from Ref. [47]). 
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Figure 76: Thermally averaged p-\-J/^ absorption cross section as a function of the p-meson 
gas temperature T with pj/^-=0 (a) and as a function of the J/ ^-momentum at T=180 MeV 
(b). Notations are similar to Fig. 75 (from Ref. [47]). 



cross section for temperature, r=180 MeV, is shown in Fig. 75(b) (the dotted Une) as a function of the J/^ 
momentum. The thermally averaged cross section which we find, {crv), would be very difficult to detect with 
the present experimental capabilities. 

A similar situation holds for the p+J/^ dissociation, as illustrated by the dotted line in Fig. 76. Indeed, 
the J/^ absorption on comovers seems to be negligible [319] in comparison with that needed to explain the 
J/'^ suppression, provided that we use the vacuum properties of the charmed mesons. On the other hand, 
this situation changes dramatically when we consider the effect of the vector and scalar potentials felt by the 
charmed D, D* mesons and also p mesons (the vector potential is zero), as calculated using Eqs. (333), (334) 
and (219). The cross sections calculated for 7r,/9+J/^' collisions with the in-medium potentials are shown in 
Fig. 73, for densities, po (the dashed line) and 3po (the solid line). The dotted line in Fig. 73 indicates the free 
space cross sections. 

Clearly the J/^ absorption cross sections are substantially enhanced for both the vr+J/^' and p+J/^ 
reactions, not only because of the downward shift of the reaction threshold, but also because of the in-medium 
effect on the reaction amplitude. Moreover, now the J/* absorption on comovers becomes density dependent 
- a crucial finding given the situation in actual heavy ion collisions. These effects have never been considered 
before. That is, this was the first calculation of the comover absorption cross section as a function of baryon 
density. 

The thermally averaged, in-medium tt+J/'^ and p+J/^ absorption cross sections, (crv), are shown by the 
dashed and solid lines in Figs. 75 and 76, respectively. We find that {av) depends very strongly on the nuclear 
density. Even for Pj/.ii=0, with a pion gas temperature of 120 MeV, which is close to the saturation pion 
density, the thermally averaged J/5' absorption cross section on the pion, at pb=3/9o, is about a factor of 7 
larger than that at pB=^ (i-e., with no effect of the in-medium modification - see Fig. 75(a)). 

The thermally averaged p+J/^ dissociation cross section at pB=3po becomes larger than 1 mb. Thus, the 
J/^ absorption on p-mesons should be appreciable, even though the p-meson density is expected to be small 
in heavy ion collisions. We note that dynamical calculations [270] suggest that the p-meson density should be 
around half of the pion density in Pb+Pb collisions. 
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Figure 77: The ratio of the J/^ over Drell-Yan cross sections from Pb+Pb coUisions 
as function of the transverse energy Et- Data are from Rcf. [311, 312]. The sohd hue 
shows our calculations with the density dependent cross section for J/^ absorption on co- 
movers. The dashed line indicates the calculations with phenomenological cross section 
((Tv)~l mb [320]. For both calculations the nuclear absorption cross section was taken as 
4.5 mb (from Ref. [47]). 



In order to compare our results with the NA38/NA50 data [311, 312] on J/^ suppression in Pb+Pb 
collisions, we have adopted the heavy ion model proposed in Ref. [317] with the Et model from Ref. [320]. We 
introduce the absorption cross section on comovers as function of the density of comovers, while the nuclear 
absorption cross section is taken as 4.5 mb [320]. The final results are shown in Fig. 77. The dashed line in 
Fig. 77 shows the calculations with the phenomenological constant cross section for J/^ absorption on comovers 
(a"i;)~l mb and is identical to the results given in Ref. [320]. The solid line in Fig. 77 shows the calculations 
with the density dependent cross section {av) for J/^* absorption on comovers calculated based on the QMC 
model. Both curves clearly reproduce the data [311] quite well, including most recent results from NA50 on 
the ratio of J/^ over Drell-Yan cross sections, as a function of the transverse energy up to £"^=100 GeV. 
It is important to note that if one neglected the in-medium modification of the J/^ absorption cross section 
the large cross section (cri;)2±l mb could not be justified by microscopic theoretical calculations and hence the 
NA50 data [311, 312] could not be described. 

Furthermore, we notice that our calculations with in-medium modified absorption provide a significant 
improvement in the understanding of the data [311] compared to the models quoted by NA50 [312]. The basic 
difference between our results and those quoted by NA50 [312] is that in previous heavy ion calculations [46, 
270, 317] the cross section for J/^ absorption on comovers was taken as a free parameter to be adjusted to the 
data [311, 312] and was never motivated theoretically. 

To summarize this section, we have studied J/^ dissociation in a gas of tt and p mesons taking into 
account the density dependence of the scalar and vector potentials which the mesons feel in nuclear matter. 
We have shown a substantial density dependence of the J/^ absorption rate as a result of the changes in the 
properties of the charmed mesons in-medium. This aspect has never been considered before when analyzing 
J/^ suppression in heavy ion collisions. Moreover, when we introduce density dependent cross sections on 
comovers, based on the QMC model, into a heavy ion calculation, the result achieves a very good agreement 
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with the NA50 data [311, 312] up to transverse energy of about 100 GeV. 



6 Summary and outlook 

We have studied various nuclear phenomena, starting at the quark level, using a self-consistent model for 
nuclear physics, namely the QMC model. Although there are many kinds of relativistic mean-field theory for 
nuclear physics, only the QMC model incorporates explicit quark degrees of freedom into nuclear many-body 
systems. As discussed in section 2.4, at the hadronic level, it is certainly possible to cast the QMC model into 
a form similar to that of a QHD-type mean-field model by re-defining the scalar field. However, at the same 
time, the QMC model can describe how the internal structure of hadrons changes in a nuclear medium. That 
is the greatest advantage of the present model and it opens a tremendous number of opportunities for future 
work. 

Since the discovery of QCD as the fundamental theory of the strong interaction, numerous attempts have 
been made to derive the nuclear force within quark models. The QMC model stands between the traditional 
meson-exchange picture and the hard core quark models, namely, it is a mean-field model in the sense of QHD 
but with the couplings of a and to mesons to confined quarks, rather than to the point-like nucleon. After 
a considerable amount of work, one finds that the effect of the internal, quark structure of the nucleon is 
absorbed into the scalar polarizability in the effective nucleon mass in matter. It is the dependence of the 
scalar polarizability on the scalar field in matter (or it is numerically equivalent to the dependence on nuclear 
density) that is the heart of the QMC model and leads to the novel, saturation mechanism of the binding 
energy of nuclear matter as a function of density. 

Because the scalar polarizability plays the important role in the QMC model, it is of great interest to study 
whether the dependence of the scalar polarizability on the scalar field can be extracted from the fundamental 
theory, i.e., QCD. In Ref. [327], it is shown that the remarkable progress in resolving the problem of chiral 
extrapolation of lattice QCD data gives one confidence that the pion loop contributions are under control. In 
the case of the nucleon, one can then use this control to estimate the effect of applying a chiral invariant scalar 
field to the nucleon, i.e., to estimate the scalar polarizability of the nucleon. The resulting value is in excellent 
agreement with the range found in the QMC model, which is vital to describe many phenomena in nuclear 
physics. Thus, in a very real sense, the results presented in Ref. [327] provide a direct connection between the 
growing power to compute hadron properties from QCD itself and fundamental properties of atomic nuclei. 
Further work in this direction is very important and will be a focus for our field in the coming years. 

It is also of great interest to perform more realistic calculations for nuclear systems. Feldmeier [328] 
proposed a molecular dynamics approach to solve the many-body problem of interacting identical fermions 
with spin 1/2 approximately. The interacting system is represented by an antisymmetrized many-body wave 
function consisting of single-particle states which are localized in phase space. The equations of motion for the 
parameters characterizing the many-body state (e.g. positions, momenta and spin of the particles) are derived 
from a quantum variational principle. This is called the fermionic molecular dynamics (FMD) model. Later, 
based on FMD, a powerful technique to treat a fermionic system was developed by Horiuchi et al. [329] and 
applied not only to nuclear structure but also nuclear reactions. This is sometimes called the antisymmetrized 
molecular dynamics (AMD). In AMD, basis wave functions of the system are given by Slater determinants 
where the spatial part of each single-particle wave function is a Gaussian wave packet. The model has a 
remarkable feature that the wave function can represent various clustering structures as well as shell-model-like 
structures, although no inert cores and no clusters are assumed. Therefore, it is possible to calculate nuclear 
systems in a model-independent way. Although the formulation of AMD is non-relativistic, if we choose a 
proper nuclear force and adopt the non-relativistic version of the QMC model (see section 2.1), it would be 
possible to construct a more realistic nuclear model which covers a wide range of nuclei from stable to unstable 
ones. This may be a new challenge and provide a further connection between quark degrees of freedom (QCD) 
and conventional nuclear physics. 

As seen through this article, many nuclear phenomena now seem to indicate that the traditional approach 
may have its limitations and suggest a need for subnucleonic degrees of freedom. There is no doubt that 
hadrons consist of quarks, antiquarks and gluons and that they can respond to the environment and change 
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their characters in matter. We would like to emphasize here that quarks play an important role in nuclei and 
nuclear matter. 
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